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Referat: Eiskristalle fördern die Bildung von Niederschlag und beeinflussen die optischen
Eigenschaften einer Wolke. Damit spielen sie eine maßgebliche Rolle für das Wetter und
Klima unseres Planeten. In der Atmosphäre entstehen Eiskristalle entweder durch homogene
oder durch heterogene Eisnukleation. Letzteres wird durch ein sogenanntes eisnukleierendes
Partikel (INP) katalysiert. Bisher ist nur wenig über die speziellen Eigenschaften eines INP
bekannt und die Vorhersagbarkeit über die Eisnukleationsfähigkeit verschiedener Materiali-
en ist somit stark limitiert. Im Rahmen dieser Arbeit wurde das Immersionsgefrierverhalten
von Birkenpollen, verschiedenen Mineralstäuben sowie Mischungen aus Mineralstaub und
Birkenpollen Material untersucht. Ziel dieser Untersuchungen war, das Gefrierverhalten der
verschiedenen Substanzen zu quantifizieren sowie deren Bedeutung für die Atmopshärische
Eisnukleation besser zu verstehen. Das Gefrierverhalten eisaktiver Birkenpollen Makromo-
leküle konnte in dieser Arbeit erstmals unter atmosphärisch relevanten Bedingungen quan-
tifiziert werden. Ein Vergleich zweier Birkenpollen Proben mit unterschiedlicher Herkunft
demonstrierte die Abhängigkeit der Gefriereigenschaften der Birkenpollen von der geografi-
schen Breite. Es wurden zwei unterschiedlich eisaktive Makromoleküle identifiziert, welche
beide bei Temperaturen oberhalb −20◦ C aktiv sind. Das Gefrierverhalten unterschiedlicher
Mineralstaubpartikel wurde hinsichtlich ihres K-Feldspat Anteils verglichen. Dabei zeigte
sich, dass der K-Feldspat Anteil das Gefrierverhalten der Mineralstaubpartikel kontrolliert.
Außerdem konnte gezeigt werden, dass eine Beschichtung mit Schwefelsäure die Eiskeimfä-
higkeit von K-Feldspat stark herabsetzt. In der Atmosphäre sind Partikel, welche sowohl aus
mineralischen als auch aus biologischen Komponenten bestehen sehr wahrscheinlich. Um zu
demonstrieren wie sich ein Mineralstaubpartikel verhält, wenn es mit biologischem Material
gemischt wird, wurde in dieser Arbeit das Gefrierverhalten von Mischpartikeln bestehend aus
Illit-NX und Birkenpollen Material untersucht. Es konnte gezeigt werden, dass die eisaktiven
Makromoleküle der Birkenpolle ihre Eisaktivität beibehalten, auch wenn sie an einem Illit-
NX Partikel angelagert sind. Die Mischpartikel zeigen somit das selbe Gefrierverhalten, wie
reine Birkenpollen Partikel. Dies zeigt die bisher unterschätzte Bedeutung von biologischem
Material für die atmosphärische Eisnukleation.
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Abstract: It is known that ice crystals in clouds play an important role for climate and
weather as they influence precipitation initiation and radiative forcing. Ice formation in
clouds occurs either through homogeneous or heterogeneous ice nucleation. For the latter
case an ice nucleating particle (INP) catalyzes the freezing process. The knowledge about the
properties which make a particle act as efficient INP is still limited. As a consequence, the ice
nucleation ability of different materials has to be examined by quantitative experimentation.
In the framework of the present thesis, the immersion freezing behavior of birch pollen ma-
terial, different mineral dust particles and internal mixtures of mineral dust and birch pollen
material was studied to improve our understanding of the importance of these species for the
atmospheric ice nucleation. A quantification of the freezing behavior of ice nucleating active
(INA) birch pollen macromolecules under atmospherically relevant conditions was done for
the first time. Furthermore, the freezing ability of two birch pollen samples with different lo-
cal origin was compared. It could be shown that birch pollen are able to produce at least two
different types of INA macromolecules, which are both ice active in a temperature regime
above −20◦ C. It became obvious that one of the macromolecules is favorably produced in
higher latitudes, which indicated the dependence of the freezing properties of birch pollen
from their local origin. Concerning mineral dust particles the present thesis demonstrated
that the freezing ability of different K-feldspar containing mineral dust proxys like Arizona
test dust, kaolinite and illite-NX, is controlled by their K-feldspar content. Furthermore, it
was shown that K-feldspar loses its good freezing ability after surface modification with sul-
furic acid. As internal mixtures of mineral and biological components are very likely in the
atmosphere, the freezing ability of such mixed particles has been investigated in the present
thesis. For illite-NX particles which were mixed with birch pollen material, it could be shown
that the birch pollen macromolecules maintain their freezing ability when being adsorbed to
a mineral dust particle. As a result, the affected mineral dust particle initiates freezing ex-
actly like a birch pollen particle. For atmospheric application this means that it is likely that
the ascription of mineral dust to the atmospheric INPs is, at least to a certain extent, due to
unnoticed attached ice nucleating biological material.
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Chapter 1
Introduction
The impact of clouds on the radiation budget of our planet is still one of the most uncertain as-
pects in our understanding of the climate system [IPCC, 2013]. Whether a cloud has a cooling
or a warming effect, depends e.g. on its physical properties. In this context, the phase state
of a cloud, i.e., whether ice crystals are present inside the cloud or not, plays an important
role. Depending on the number concentration, the size and the shape of the ice crystals, they
have a major impact on the cloud albedo and with that on the radiative transfer [Storelvmo
et al., 2011]. Furthermore, the presence of ice crystals can significantly reduce the lifetime
of mixed phase clouds due to an enhanced potential of precipitation formation [Rogers and
Yau, 1989, Lohmann, 2002, Lohmann and Diehl, 2006]. Because of the Wegener-Bergeron-
Findeisen process [Pruppacher and Klett, 1997], the precipitation initiation via the ice phase
is much more efficient than via collision/coalescence of liquid droplets. Fig. 1.1 shows the
global fraction of ice phase induced precipitation. It becomes obvious that the precipitation
initiation over land in general takes place via the ice phase [Mülmenstädt et al., 2015]. With
that, ice crystals also strongly influence the hydrological cycle and the supercooled liquid
water content in mixed phase clouds. Especially the prediction of the latter is important
because of its role in aircraft icing. Besides the above mentioned effects, ice crystals also
influence chemical processes, especially in high tropospheric clouds [Zondlo et al., 2000]
and play a crucial role for the charge separation in high convective clouds [Takahashi, 1978].
These manifold impacts clearly indicate that quantitative knowledge of the atmospheric ice
formation processes is crucial for predicting the influence of ice crystals on both weather and
climate.
Although ice nucleation research has been ongoing for many decades, there are still many
open questions concerning the formation of ice in clouds [e.g. Hoose and Möhler, 2012,
Murray et al., 2012]. There are two primary processes that can initiate the formation of ice
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Figure 1.1: Fraction of ice phase induced precipitation. Adopted from Mülmenstädt et al. [2015]
crystals in the atmosphere, which are homogeneous and heterogeneous ice nucleation [Prup-
pacher and Klett, 1997]. Homogeneous ice nucleation is the phase transition of a water or
solution droplet without the influence of any foreign substance. This process is dominant at
rather low temperatures (< −38◦ C) and thus is more important for cirrus clouds. The het-
erogeneous ice nucleation is catalyzed by a so called ice nucleating particle (INP). Those
INPs possess properties favorable to reduce the energy barrier of crystallization. Compared
to homogeneous ice nucleation, heterogeneous ice nucleation occurs at higher temperatures
and lower super saturations. Once some ice has formed via homogeneous or heterogeneous
ice nucleation, the ice crystal number and mass can be increased by secondary ice formation
processes e.g. mechanical fragmentation or rime-splintering [Hallett-Mossop mechanism,
Hallett and Mossop, 1974]. For heterogeneous ice nucleation four different modes are dis-
tinguished. These are deposition nucleation, contact freezing, condensation freezing and
immersion freezing. In my thesis I will focus on the immersion freezing mode. Here, ice
nucleation is induced by an INP which is immersed in a supercooled droplet. Ansmann et al.
[2009] suggested the immersion freezing mode to be the most important freezing mode in
mixed phase clouds, as they observed altocumulus clouds to almost always show a liquid
cloud top before an onset of freezing was observed.
The main requirement for heterogeneous ice nucleation to take place, is the presence of an
aerosol particle which can act as INP. The INP number concentration is a highly variable
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property which depends on location, season and temperature [Wilson et al., 2015]. Atmo-
spheric observations via aircraft measurements indicated INP number concentrations between
10−4 cm−3 at −10◦ C and 10−1 cm−3 at −35◦ C [DeMott et al., 2009, 2010]. These are small
values compared to the whole aerosol particle load in the atmosphere which ranges from
102 cm−3 in clean locations to 104 cm−3 in polluted urban areas [Spracklen et al., 2010]. In-
vestigations of ice crystal residuals showed that the potential types of INPs are manifold and
can be of organic as well as of inorganic natur [Pratt et al., 2009, DeMott et al., 2003, Wor-
ringen et al., 2015]. Desserts, volcanic eruptions, oceans and vegetation are the main natural
sources whereas agriculture, deforestation, biomass burning and industrial processes are the
most important anthropogenic sources. As there is still little knowledge about the properties
which make a particle act as efficient INP, the ice nucleation ability of the different materials
has to be examined by quantitative experimentation [Murray et al., 2012]. This can only be
done under controlled and reproducible conditions in the laboratory.
Especially mineral dust particles were the subject of such experiments as they were found
most frequently in ice crystal residuals and thus have been thought to be the most important
INP in the atmosphere. The numerous existing laboratory measurements indicated that most
types of mineral dust particles are ice active at temperatures below −20◦ C [Hoose and Möh-
ler, 2012, Murray et al., 2012], with the exception of K-feldspar, a primary mineral, which
was found to be more ice active than all other mineral dust samples [Atkinson et al., 2013,
Yakobi-Hancock et al., 2013]. Although, K-feldspar is very common in the earth crust, its
importance for atmospheric processes is not yet clarified as its contribution to atmospheric
dust mass concentrations is still uncertain. In the literature values vary between a few percent
[Glaccum and Prospero, 1980] and 25% [Kandler et al., 2011]. In contrast, for clay minerals
it is known that they comprise approximately two thirds of the total atmospheric dust mass
[see Atkinson et al., 2013, and references therein]. However, minerals are rarely available in
a pure state and it can not be ruled out that also a minor component has a major influence on
the ice nucleation ability of a mineral dust particle.
Also the ice nucleation behavior of biological particles like bacteria, pollen and fungi were
investigated quite intensively. They have been frequently found in ice crystal residuals [e.g.
Creamean et al., 2013, Pratt et al., 2009] and it is known that some of them show an excel-
lent ice nucleating ability especially at high subzero temperatures [Hartmann et al., 2013,
Pummer et al., 2012, Fröhlich-Nowoisky et al., 2015]. In that temperature range, biological
particles are more efficient than most of the inorganic INPs [e.g. mineral dust, Szyrmer and
Zawadzki, 1997, Murray et al., 2012]. Therefore, they are the most likely candidates, ex-
plaining lidar observations where a high amount of ice containing clouds where observed at
3
CHAPTER 1. INTRODUCTION
temperatures above −20◦ C [Kanitz et al., 2011, Buehl et al., 2013]. However, their impor-
tance for the atmospheric ice nucleation is still discussed controversially as their atmospheric
number concentrations, their spatial and temporal distribution, and their role in triggering ice
formation is still not sufficiently understood [DeMott and Prenni, 2010]. Furthermore, there
is some indication that the climatic conditions can influence the freezing ability of a certain
species [Schnell and Vali, 1976]. So it is conceivable that one and the same species develops
different freezing behaviors depending on their local origin.
It is known that the good ice nucleation ability of biological particles is due to nanoscale
ice nucleating active (INA) macromolecules which are still ice active when the original car-
rier is detached or non viable (e.g., in the case of bacteria) [Kleber et al., 2007, Pummer
et al., 2012, Hartmann et al., 2013]. So these INA macromolecules can be accumulated in
the ground and thus get in contact with mineral dust. There they can persist for exceptionally
long times of up to half a century [Schmidt et al., 2011] and can also be lifted into the atmo-
sphere together with the mineral dust particles. Already Schnell and Vali [1976] suggested
that mineral dust particles may act as inert carrier for biological particles. Such dust-bio mix-
tures were already identified within aircraft measurements with aerosol time-of-flight mass
spectrometry (ATOFMS) [Pratt et al., 2009, Creamean et al., 2013] and in residual particles
of hail stones [Michaud et al., 2014]. Also the ice nucleation ability of soil dust was partially
tracked down to the present biological mass fraction [Conen et al., 2011, O’Sullivan et al.,
2014, Tobo et al., 2014]. Therefore, there is some indication that the ascription of mineral
dust to atmospheric INP is, at least to a certain extent, due to unnoticed attached ice nucleat-
ing biological material [Conen et al., 2011].
Summarizing the above mentioned facts it becomes obvious that there are still open ques-
tions concerning the fundamentals of the heterogeneous ice nucleation process itself and the
importance of different particle types for atmospheric ice nucleation. Especially the impor-
tance of rare occurring but very efficient INP like biological or K-feldspar particles, for the
atmospheric ice nucleation is still under discussion. The present thesis aims to improve on
this situation by quantitative experimentation. The immersion freezing behavior of three dif-
ferent potential types of atmospheric relevant INP was investigated which were: the INA
macromolecules of birch pollen, different K-feldspar containing mineral dust particles and
internally mixed particles consisting of mineral dust and birch pollen material.
In the next passage I will focus on the specific scientific questions of my investigations.
I would like to mention here that the field of heterogeneous ice nucleation has been a very
dynamic scientific field and in the time span of my dissertation a lot of further research has
been carried out, some of which directly connected to my work. Therefore, in the following
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I will give an overview of the state of the art at the beginning of my investigations. Later, in
the summary and conclusion part of this thesis I will also summarize the latest findings.
The ice nucleation ability of bacteria, was investigated very intensively already since the
1970s [Maki et al., 1974, Yankofsky et al., 1981, Lindow et al., 1982, Warren and Wolber,
1987, Turner et al., 1990, Cochet and Widehem, 2000, Morris et al., 2004, Möhler et al.,
2008b, Hartmann et al., 2013]. For pollen, there have only been a few experimental investi-
gations. In those it was shown that pollen grains are efficient INPs in the immersion mode
in a temperature range above −20◦ C [Diehl et al., 2001, 2002, von Blohn et al., 2005, Pum-
mer et al., 2012]. Nevertheless, pollen grains were expected to be too large (10 -100 µm in
diameter) to remain in the atmosphere long enough to contribute significantly to the atmo-
spheric ice nucleation [Phillips et al., 2007]. In Pummer et al. [2012] it was shown that not
the pollen grains themselves are responsible for freezing, but easily suspendable sugar-like
macromolecules on their surfaces which feature sizes of a few 10 nanometers only. Con-
sequently, fragments of pollen and/or substances washed out of pollen could increase the
number and lifetime of the INPs compared to the whole pollen grains. However, a clear
quantification of the ice nucleation behavior of single pollen macromolecules did not exist
for atmospherically relevant conditions, and became the topic of my thesis [Chapter 3.1, Au-
gustin et al., 2013]. The immersion freezing behavior of single birch pollen macromolecules
was investigated, as birch pollen showed the highest freezing ability among all investigated
pollen samples [Pummer et al., 2012, Diehl et al., 2002]. As the freezing ability of biological
particles may depend on the climatic region of their emission [Schnell and Vali, 1976], two
birch pollen samples with different local origin (Czech Republic and Sweden) were consid-
ered.
In the last years, mineral proxys like Arizona Test Dust (ATD), Fluka kaolinite or illite-
NX were often used to quantify the freezing ability of mineral dusts [Knopf and Koop, 2006,
Marcolli et al., 2007, Möhler et al., 2008a, Lüönd et al., 2010, Niedermeier et al., 2011a,
Pinti et al., 2012, Broadley et al., 2012, Kanji et al., 2013, Welti et al., 2014, Wex et al.,
2014]. Thereby, the good freezing ability of those materials was connected to the alumi-
noslicate clays [Niedermeier et al., 2011a]. Nevertheless, it is known that all of those proxys
contain some amount of K-feldspar, which more recently was identified as the most ice active
mineral dust found so far [Atkinson et al., 2013]. Thus there was some indication that the
freezing ability of the typical mineral dust proxys may be influenced by their K-feldspar con-
tent. To check this hypothesis, in the present thesis the immersion freezing behavior of pure
and sulfuric acid coated mineral dusts with different amounts of K-feldspar was compared
[Chapter 3.2, Augustin-Bauditz et al., 2014]. In the context of this, new results on the freez-
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ing ability of size segregated illite-NX and feldspar particles were presented and compared
with already existing data on ATD [Niedermeier et al., 2011a] and Fluka kaolinite [Wex et al.,
2014].
As already mentioned, it has been hypothesized that atmospheric mineral dust particles
carry ice nucleating active biological material. Some studies examined the freezing ability of
soil dust [Conen et al., 2011, O’Sullivan et al., 2014, Tobo et al., 2014] which is a mixture
of mineral and biological components. But soil dust is a heterogeneous substance and it is
very difficult to characterize which fraction is responsible for the freezing initiation. Thus up
to now, a clear characterization of the freezing ability of mineral dust particles with attached
biological material is lacking and was investigated within this thesis [Chapter 3.3, Augustin-
Bauditz et al., 2016]. For the quantification of the freezing ability of such mixed particles, it
is advantageous to know the freezing abilities of the individual materials. Thus, the results of
the two previous investigations [Augustin et al., 2013, Augustin-Bauditz et al., 2014] served
as a basis and illite-NX was mixed with birch pollen washing water.
Summarizing the above descriptions, my thesis dealt with the following scientific objectives:
• the quantification of the freezing ability of single birch pollen macromolecules from
birch samples with different local origin
• the quantification and comparison of the immersion freezing behavior of different pure
and sulfuric acid coated mineral dust particles with the focus on their K-feldspar con-
tent.
• the quantification of the freezing ability of particles which are internal mixtures of
illite-NX and birch pollen material
For the immersion freezing measurements, the Leipzig Aerosol Cloud Interaction Simulator
[LACIS, Stratmann et al., 2004] was utilized. In contrast to other common methods like the
wind tunnel method [Diehl et al., 2002] or freezing arrays [e.g. Murray et al., 2010, Budke and
Koop, 2015], this continues flow diffusion chamber has some advantages. First, only one size
segregated particle is immersed in each droplet which makes it possible to specify to a certain
extent the present particle surface area. Second, as the droplets are airborne and not placed
on any substrate as it is the case for the freezing array experiments, any potential influence
of a substrate can be excluded. And third, the LACIS facility allows for the investigation of
a statistical significant number of droplets. The results which are achieved with the LACIS
measurement set up can not only be used to deepen the fundamental understanding of the
heterogeneous ice nucleation process but also to determine suitable parameterizations for
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the freezing behavior of the investigated materials which then can be implemented in cloud
resolving models.
In this cumulative thesis the above mentioned scientific objectives are presented in three
peer-reviewed publications which are:
• "Immersion freezing of birch pollen washing water" by Stefanie Augustin, Heike Wex,
Dennis Niedermeier, Bernhard Pummer, Hinrich Grothe, Susan Hartman, Laura Tom-
sche, Tina Clauss, Jens Voigtländer, Karoliina Ignatius and Frank Stratmann, published
in the journal "Atmospheric Chemistry and Physics", 13, 10989-11003, doi:10.5194/acp-
13-10989-2013, 2013.
• "The immersion mode ice nucleation behavior of mineral dusts: A comparison of dif-
ferent pure and surface modified dusts" by Stefanie Augustin-Bauditz1, Heike Wex,
Sandra Kanter, Martin Ebert, Dennis Niedermeier, Ferdinand Stolz, Andrea Prager
and Frank Stratmann, published in the journal "Geophysical Reasearch Letters", 41,
doi:10.1002/2014GL061317, 2014.
• "Laboratory-generated mixtures of mineral dust particles with biological substances:
characterization of the particle mixing state and immersion freezing behavior" by Ste-
fanie Augustin-Bauditz1, Heike Wex, Cyrielle Denjean, Susan Hartmann, Johannes
Schneider, Susann Schmidt, Martin Ebert and Frank Stratmann, published in the jour-
nal "Atmospheric Chemistry and Physics", 16, 5531-5543, doi:10.5194/acp-16-5531-
2016, 2016.
Before the publications are presented, an overview concerning the theoretical background
of the ice nucleation process will be given, including a description of the parameterization
method which was used for the investigations. In the end I will summarize and conclude the
results of the present thesis and bring them in context with the latest findings in the field of
ice nucleation on biological and mineral dust particles. Finally in the outlook I will highlight,
where more studies are required to further deepen the understanding of the heterogeneous
freezing process.
1On May 23rd, 2014 my official surname changed from "Augustin" to "Bauditz". To keep the connection to
my first publication, I decided to use the double surname "Augustin-Bauditz".
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Chapter 2
Theory of ice nucleation
In the atmosphere, liquid water can be present in a metastable state far below the thermo-
dynamic melting point (T0 = 0
◦ C). The reason for that is that for a phase transition first a
characteristic energy barrier need to be overcome. Consequently in clouds ice crystals are
formed only by nucleation events [Cantrell and Heymsfield, 2005]. Nucleation denotes the
formation of a new isolated phase out of a metastable mother phase. For ice nucleation of
water this means the formation of an ice crystal out of the liquid or gas phase. Two different
forms of ice nucleation can be found in the atmosphere. If water freezes without the influ-
ence of any foreign substance it is called homogeneous ice nucleation. If an INP induces
the freezing process, it is referred to as heterogeneous ice nucleation. Although this thesis
focuses on heterogeneous ice nucleation, the homogeneous ice nucleation is introduced as
well to describe the basis of nucleation theory.
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2.1 Homogeneous ice nucleation
Homogeneous ice nucleation is induced by a stochastic event within a pure or a solution
droplet. The water molecules in a droplet arrange in clusters (also called embryos) which
underly fluctuations in their size as the water molecules are attached and detached in de-
pendence of the kinetic energy of the molecules in the liquid. If one of these clusters reach
a certain size (critical size) it will grow further and thus induce the freezing of the droplet
[Lamb and Verlinde, 2011, Pruppacher and Klett, 1997]. For typical droplet sizes of 20 µm
this takes place at a temperature of about −38◦ C [Lamb and Verlinde, 2011]. This tempera-
ture is not a fixed threshold as it depends on the droplet volume, the nucleation time and the
concentration of any present solute. The higher the concentration of solutes in a droplet, the
stronger is the freezing point depression. Thus, pure water droplets freeze at a higher temper-
ature than aqueous solution droplets [Koop et al., 2000]. In the atmosphere homogeneous ice
nucleation mainly occurs in the upper troposphere and lower stratosphere as well as in higher
latitudes [Levin and Cotton, 2008].
The theoretical description of the homogeneous freezing process is based on the classical
nucleation theory (CNT), describing the formation of a new phase out of a mother phase
[Gibbs, 1875-1878, Volmer and Weber, 1926, Farkas, 1927]. The derivation of the CNT
is described in several text books and publications such as Pruppacher and Klett [1997],
Seinfeld and Pandis [1998], Zobrist et al. [2006] and Lamb and Verlinde [2011]. In the
following the derivation and description of the ice nucleation process utilizing CNT is partly
presented and explained.
The formation of a new phase out of a mother phase can only happen if the new phase
is thermodynamically favored. This implies that the so called molar free energy (chemical
potential µ) of water is smaller in the new phase than in the mother phase. When talking
about the phase transition from liquid water (w) to ice (i) this means: ∆µw/i = µw − µi > 0.
In principle this is given for the supercooled state (T < 0◦ C) as the ice phase would be more
stable and thus the thermodynamical favored phase. But the formation of a new ice cluster
also implies the generation of a new interface between the ice cluster and the surrounding
liquid water, which also contributes to the change of energy in the system. These facts can be
described by the change in Gibbs free energy∆G. The change of the Gibbs free energy is due
to the generation of the ice cluster surface (surface term∆Gs) and due to the bulk conversion
of molecules from the metastable liquid phase to the stable ice phase (volume term ∆GV ).
∆G = ∆Gs +∆GV . (2.1)
Assuming spherical cluster shape the change in Gibbs free energy can be described as fol-
10
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Figure 2.1: The change in Gibbs free energy as a function of cluster radius for a temperature of −35◦ C.
lows:
∆G = 4πr2σl/i(T )− 4
3
πr3ni(T )∆µw/i. (2.2)
r is the radius of the cluster, T is the temperature in Kelvin, σl/i represents the temperature
dependent interfacial free energy between water and ice and ni(T ) is the number of molecules
per m3 of ice. ∆µw/i describes the change in the chemical potentials between the water and
the ice phase and can be directly related to the supercooling temperature∆Ts = T0 − T with
T0 = 273.15K.
∆µw/i = lf
∆Ts
T0
. (2.3)
lf is the energy which is needed to melt a unit amount of ice and is called enthalpy of fusion.
In Fig. 2.1 the change in Gibbs free energy for a given supercooling temperature is shown.
The maximum of the change in Gibbs free energy (black curve) depicts the energy barrier
of the nucleation process. For small r the surface term (red curve) dominates the process
(r2- dependency) or in other words the energy to built up the new interface is higher than the
energy which is released due to the phase transition from water to ice. If a certain cluster
radius (rcrit) is exceeded, the volume term (blue line) starts to predominate (r3- dependency).
For cluster radii greater that rcrit the nucleation event takes place and the cluster grows con-
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tinuously until the whole droplet is frozen. To calculate the critical cluster radius rcrit, the
maximum of the change in Gibbs free energy can be depicted by setting ∂
∂r
∆G = 0.
Consequently, the critical cluster radius rcrit is given through:
rcrit =
2σl/i(T )
ni(T )lf
∆Ts
T
. (2.4)
The critical change in free Gibbs energy can be obtained by inserting Eq. (2.4) in Eq. (2.2):
∆Gcrit =
16πσl/i(T )
3
3
(
ni(T )lf
∆Ts
T
)2 . (2.5)
Here, ∆Ts depicts the thermodynamic driver of the freezing process which means that the
stronger the supercooling of the system, the lower is the energy barrier which has to be
overcome. ∆Gcrit strongly depends on the value of σl/i, which is poorly quantified and only
parameterizations exist, see e.g., Zobrist et al. [2007].
Assuming that the ice clusters are in thermodynamic equilibrium with the mother phase,
the number of the critical ice germsNcrit(T ) is statistically constant and can be described with
a Boltzmann-distribution:
Ncrit(T ) = Nw exp
(
− ∆G
crit
kBT
)
(2.6)
with kB being the Bolzmann constant andNw being the concentration of liquid-phase molecules
which typically has a value of 3.1·1028m−3 [Zobrist et al., 2007]. The molecules in the liquid
phase are bonded to their neighbors. These bonds have to be broken up before a molecule can
be rearranged in the ice lattice. Furthermore, the liquid phase molecules have to overcome
an energy barrier to cross the water-ice interface and create new bondings with the ice phase.
This energy barrier can be described by means of the diffusion activation energy ∆Fdiff (see
Zobrist et al. [2007] for the derivation of ∆Fdiff). The likelihood of bond breaking and the
reorientation of molecules in the ice lattice can be expressed by the molecular flux w [s−1]:
w =
kBT
h
exp
(
− ∆Fdiff(T )
kBT
)
. (2.7)
h is the Planck-constant. Finally, the number of nucleation events per time interval and
droplet volume can be described with the homogeneous nucleation rate coefficient jhom(T )
[Pruppacher and Klett, 1997, Lamb and Verlinde, 2011].
jhom(T ) =
kBT
h
exp
(
− ∆Fdiff(T )
kBT
)
·Nw exp
(
− ∆G
crit
hom(T )
kBT
)
. (2.8)
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The left term of Eq. (2.8) represents the molecule flux of the water molecules from the water
phase to the ice phase (Eq. (2.7)). The right term of Eq. (2.8) described the number of critical
ice clusters in the droplet volume (Eq. (2.6)). The homogeneous nucleation rate coefficient
strongly depends on the temperature.
Unfortunately, it is not possible to directly measure the homogeneous nucleation rate co-
efficient but it can be determined via the ice fraction of a droplet population. The ice fraction
fice is defined as the number of frozen droplets Nf , divided by the number of all droplets
within the droplet population N0 which is the sum of frozen and unfrozen droplets, at a cer-
tain temperature. In a monodisperse droplet population where all droplets feature the same
temperature, all molecule cluster with the same size, have statistically the same probability
to reach the critical cluster size to initiate the freezing of the droplet. It is assumed that the
freezing process in one droplet is not influenced by freezing events of other droplets. Fur-
thermore, because of the high crystallization velocity and the release of latent heat during
the crystallization process it can be assumed that for micrometer sized droplets, only one
nucleation event per droplet induces the freezing. The lower the temperature, the bigger the
droplet volume and the longer the time interval, the higher is the probability that a critical
cluster is formed. In a time interval dt, the total droplet number is reduced by dNu with Nu
is the number of unfrozen droplets. With a differential equation the decrease of unfrozen
droplets at a temperature T and a time step dt can be described as follows [Pruppacher and
Klett, 1997]:
dNu = −Nu · Vd · jhom(T ) · dt. (2.9)
Vd is the droplet Volume. When integrating Eq. (2.9) fromN0 at t = 0 toNu at t and assuming
a time independent temperature we find:
Nu = −N0 · exp(Vd · jhom(T ) · t). (2.10)
If N0 is constant it is N0 = Nu +Nf. Following, Eq. (2.10) can be written as:
Nf
N0
= fice = 1− exp(Vd · jhom(T ) · t). (2.11)
By means of fice it is possible to determine the homogeneous nucleation rate jhom, experi-
mentally.
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Figure 2.2: Modes of heterogeneous ice nucleation (based on Lamb and Verlinde [2011]).
2.2 Heterogeneous ice nucleation
It is known that ice particles already form at temperatures high above the homogeneous freez-
ing temperature (−38◦ C). These ice particles are formed via the heterogeneous ice nucleation
pathway as they need a foreign, non-aqueous substance to lower the energy barrier of phase
transition. This results in higher freezing temperatures and lower required supersaturations
with respect to ice. The responsible ice nucleating particle (INP) is generally defined as an in-
soluble particle which features special properties to support the accretion of water molecules
on the surface of the particle. Up to now, there is still very little fundamental physical under-
standing about the surface properties that make a particle acting as an INP. Nevertheless, in
the literature several criteria are presented which determine whether a particle might serve as
an INP [Pruppacher and Klett, 1997]. These criteria range from size (the bigger, the better)
over lattice match and hydrogen bonds to cracks and defects on the surface of the particle. It
is also very likely that different particle types could have different properties which initiate
the freezing process. In general all the requirements which can be found in the literature have
to be treat with caution as there is some evidence that they are unsatisfactory.
2.2.1 Modes of heterogeneous ice nucleation
In dependence of the existing thermodynamic conditions which mainly means temperature
and saturation with respect to water and ice, four different modes of heterogeneous ice nu-
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cleation are defined in the literature [Pruppacher and Klett, 1997, Lamb and Verlinde, 2011]:
deposition nucleation, contact freezing, immersion freezing and condensation freezing (see
Fig. 2.2). Deposition nucleation takes place if the air is subsaturated with respect to water
and supersaturated with respect to ice. Water vapor directly deposit on the INP and the ice
phase is formed without any intermediate liquid phase. The freezing of a supercooled droplet
can also be initiated by the contact of an INP with the surface of the droplet. This so called
contact nucleation can also occur if the particle penetrates the surface of the droplet from
inside the droplet by movement or an evaporation process [Shaw et al., 2005, Durant and
Shaw, 2005]. If ice nucleation is induced by a particle located within the body of the droplet
it refers either to immersion or condensation freezing. For immersion freezing, the particle
can become immersed into the droplet by different pathways like for example by colliding
with the droplet. Another possibility is, that the particle acts as a cloud condensation nucleus
(CCN) and initiates the droplet formation. This can happen at temperatures above but also
below the freezing point of water [Niedermeier et al., 2010]. After further cooling the CCN
will than act as INP. For condensation freezing the ice phase is initiated concurrently with
the initial formation of liquid on a CCN at temperatures below the melting point of water. In
other words the ice nucleation happens at the same temperature than the droplet formation.
In my thesis, the nucleation behavior of different particle types in the immersion freezing
mode is investigated. Atmospherical measurements with lidar and radar systems showed that
the immersion freezing mode might be the most important freezing mode in mixed phase
clouds, as the observed clouds almost always show a liquid cloud top before an onset of
freezing was observed [Ansmann et al., 2009, de Boer et al., 2011, Westbrook and Illing-
worth, 2011].
2.2.2 Theoretical description
Classical nucleation theory
The CNT for the heterogeneous freezing case can be formulated analogue to the homoge-
neous freezing case as introduced in Chapter 2.1. Of course, several additional assumptions
have to be made to include the influence of the foreign particle. For heterogeneous ice nucle-
ation, the critical ice cluster is formed on the surface of the INP. Therefore, the new interface
which has to be formed is smaller than for homogeneous freezing, which results in a reduced
energy barrier. This reduction of the cluster surface can be described e.g. with the spherical
cap theory [Pruppacher and Klett, 1997, Zobrist et al., 2007, Lamb and Verlinde, 2011]. It is
assumed that the ice embryo forms a spherical cap on the surface of the INP like shown in
Fig. 2.3. The angle between the cap and the surface is called contact angle θ. θ is a measure
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Figure 2.3: Schematic of an INP with an ice cluster, θ is the contact angle, σ stands for the interfacial energies
between the different phases water (l), ice (i) and the solid INP (s), r is the radius of the cluster.
for the curvature of the ice cluster and is determined by the three different interfacial free
energies σ between the three phases: liquid-solid (σl/s), liquid-ice (σl/i) and solid-ice (σs/i). It
can be calculated by Young’s Equation as follows:
cos(θ) =
σl/s − σs/i
σl/i
. (2.12)
The indices l, s and i stand for liquid water, solid and ice, respectively. The smaller the
contact angle θ the flatter is the angle between the INP and the ice cluster and the smaller is
the cluster surface which has to be formed. A geometrical factor f(θ) ≤ 1 can be formulated,
which determines the reduction of the energy barrier. f(θ) can be seen as the volume fraction
of the sphere which forms the spherical cap (f(θ) = Vcap/Vsphere). This leads to:
f(θ) =
1
4
(2 + cos(θ))(1− cos(θ))2. (2.13)
For heterogeneous freezing the change in Gibbs free energy can be written as follows:
∆Gcrithet = ∆G
crit
hom · f(θ). (2.14)
If θ is equal to 0◦, the energy barrier vanishes completely. If θ is equal to 180◦, f(θ) is 1
which means that no reduction in the energy barrier can be observed and ∆Gcrithet = ∆G
crit
hom.
Analogue to the homogeneous nucleation, a heterogeneous nucleation rate coefficient can be
formulated, which describes the number of nucleation events per time and surface area.
jhet(T ) =
kBT
h
exp
(
− ∆Fdiff(T )
kBT
)
·NS exp
(
− ∆G
crit
het (T, θ)
kBT
)
. (2.15)
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The change in Gibbs free energy for the homogeneous case is replaced with the one for the
heterogeneous case (Eq. (2.14)). Furthermore, the number density of water molecules at the
ice/water interfaceNS is used instead of the number density of water molecules in the droplet
volume. A typical value for NS is 10
19 m−2 [Zobrist et al., 2007].
Stochastic and singular approach
In the literature two different approaches can be found to describe the freezing behavior
of a droplet population, the stochastic and the singular approach. To explain the differences
between both approaches we first consider a droplet population with each droplet containing
a single particle which can act as INP. The surface areas of the particles are identical and
the thermodynamical conditions are equal to each droplet. Bigg [1953], Carte [1956, 1959]
and Dufour and Defay [1963] support the assumption that an ice nucleation active surface
lowers the energy barrier of phase transition but it does not disturb the stochastic nature of
the ice nucleation process as it was observed in the case of homogeneous ice nucleation. In
other words, the formation of the critical cluster is still a time dependent process and for a
constant temperature T below the melting point of water all droplets will be frozen if t→∞.
Consequently it is possible to formulate Eq. (2.9) also for the heterogeneous case.
dNu = −Nu · S · jhet(T, θ) · dt. (2.16)
Instead of jhom the heterogeneous nucleation rate coefficient jhet is used. The formation of
the ice cluster now takes place on the surface of the INP so the droplet Volume Vd is replaced
by the surface area S. The integration over time considering a time independent temperature
leads finally to:
Nf
N0
= fice = 1− exp(S · jhet(T, θ) · t). (2.17)
In this formulation only one contact angle θ is considered i.e. the freezing probability of
each particles is identical. In literature it was shown that the assumption of identical freezing
properties is sometimes not sufficient especially if a larger droplet population is considered
with each droplet containing a single particle [Hartmann et al., 2011].
An alternative method for describing the heterogeneous freezing which implies the particle
to particle variation is the singular approach [Vali and Stansbury, 1966]. The fundamentals
of this approach were already formulated by Dorsey [1938] and later also from Levin [1950]
and Langham and Mason [1958]. In this approach, it is assumed that the INP features spe-
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cific regions on the surface, where the energy barrier is minimal. Each of the so called "active
sites" triggers ice formation at a certain characteristic temperature. Consequently, at a con-
stant temperature only those droplets will freeze, which contain an INP with an active site
triggering the formation of ice at this specific temperature. In the case of multiple active sites
on one INP, the active site with the highest characteristic temperature will induce the nucle-
ation event. Thereby it is assumed that the time plays a miner role for the freezing process
and thus can be neglected. A number of active sites nS(T ) per surface area can be determined,
which are ice active in the temperature range between T0 = 0
◦ C and T . nS(T ) is defined
as the surface site density of the INP population and can be calculated as follows [Connolly
et al., 2009, Murray et al., 2012]:
nS(T ) =
∫ T
T0
kS(T
′)dT ′. (2.18)
The parameter kS(T ) is defined as the number of active sites per surface area, which become
active at a temperature decrease of dT . With that the change in the number of unfrozen
droplets (Nu) per temperature interval can be described as follows:
dNu = −Nu · S · kS(T ) · dT. (2.19)
The integration of Eq. (2.19) from N0 at T0 = 0
◦ C to Nu at T leads to:
Nu = N0 · exp(−S · nS(T )). (2.20)
Analogue to the stochastic approach we can determine an exponential equation for fice of a
droplet population with:
Nf
N0
= fice = 1− exp(S · nS(T )). (2.21)
In the past there were intensive discussions whether the stochastic or the singular approach
is more suitable for describing the heterogeneous freezing process. In the literature both
approaches were used to parameterize the freezing ability of different INPs but always with
limitation. Especially, when extrapolating the parameters beyond the temperature and time
interval of the data they were based on, a significant increase in the uncertainties has been
observed [Hoose and Möhler, 2012].
Recent studies showed that the influence of nucleation time on the heterogeneous freezing
process depends on the particle to particle variation in the system. The more different the par-
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ticles are within a particle population the less important is the nucleation time [Niedermeier
et al., 2011b]. Nevertheless a complete neglection of nucleation time may lead to uncertain-
ties [Niedermeier et al., 2015]. On the other hand, a stochastic approach considering only
one contact angle for the whole particle population and thus neglecting the particle to particle
variations is also not suitable to reproduce measured ice fractions [Hartmann et al., 2011].
A reasonable reproducibility of experimental data could only be achieved when using a
sophisticated model which combines both approaches. The Soccerball model [SBM, Nie-
dermeier et al., 2011b] is one example of such a combination of the stochastic concept of a
nucleation rate coefficient and the presence of different nucleation properties among the parti-
cles. In the next section the concept of the SBM as it was used in this thesis will be explained.
The Soccerball model
In my thesis, the SBM was applied in the version introduced in Niedermeier et al. [2014,
2015]. In this version the original SBM was combined with the CHESS model (stoCHastic
modEl of similar and poiSSon distributed ice nuclei) introduced by Hartmann et al. [2013].
Both versions of the SBM are transferable into each other (see supplemental material of Nie-
dermeier et al. [2014]). In the following, the theoretical assumptions behind the SBM2015
will be described briefly.
In general it is assumed that the INP contains a defined number of single ice nucleating
sites which are responsible for the freezing initiation. The ice nucleating site has a defined
two dimensional surface area ssite. A specific contact angle θ is assigned to each of the ice
nucleating sites which determines the ice nucleation ability of this particular site in terms
of a nucleation rate coefficient jhet based on CNT (Eq. (2.15)). The contact angle θ of each
surface site is determined by a Gaussian probability density function with a mean value µθ
and a standard deviation σθ.
p(θ) =
1√
2πσθ
exp
(
− (θ − µ)
2
2σ2θ
)
. (2.22)
The probability Punfr of a single site to not initiate ice nucleation at a certain temperature T
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and a certain time t is defined as:
Punfr(T, µθ, σθ, t) =
∫ x
0
p(θ) exp(−jhet(T, θ)ssitet)dθ
+
∫ 0
−∞
p(θ) exp(−jhet(T, θ = 0)ssitet)dθ
+
∫
∞
x
p(θ) exp(−jhet(T, θ = π)ssitet)dθ.
(2.23)
As already mentioned, jhet is based on CNT (see Eq. (2.15)) and the neceessary parameters
are taken from Zobrist et al. [2007]. The last two parts of Eq. (2.23) prevent an overestimation
of Punfr as they fix the parameter range of θ to the possible interval [0, π].
As a next step, we consider a population of droplets, with each droplet containing a single
particle and all particles having the same size. The number of the ice nucleating sites dis-
tributed over the droplet population is small compared to the number of droplets forming the
population. Therefore, we assume that the ice nucleating sites are Poisson distributed over
the droplet population. The average number of ice nucleating sites per particle is defined by
the expected value of the Poisson distribution λ [Hartmann et al., 2013]. Depending on λ,
each particle contains none, one or even multiple ice nucleating sites and all sites have the
same freezing probability. With this, the probability Punfr,λ for droplets to remain unfrozen is
given by:
Punfr,λ(T, µθ, σθ, λ, t) = exp
(
− λ(1− Punfr(T, µθ, σθ, t))
)
. (2.24)
Note that Punfr,λ 6= Punfr. While Punfr is only valid for droplets which contain an ice nucleating
site, Punfr,λ is valid for the whole droplet population i.e. also for those droplets which do not
contain an ice nucleating site. The fice, which is identical to the freezing probability Pfr,λ
follows with:
fice(T, µθ, σθ, λ, t) = 1− Punfr,λ. (2.25)
The value of λ depends on the material and the size of the particle. For cases where the mea-
sured fice reaches a saturation range below one, which means that at a certain temperature no
further increase in fice with decreasing temperature is observed, λ can be directly calculated
from the saturation range of fice (which is named f
∗
ice) with: λ = − ln(1− f ⋆ice).
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Results
3.1 First publication
3.1.1 Immersion freezing of birch pollen washing water
The content of this chapter has already been published in the manuscript "Immersion freezing
of birch pollen washing water" by Stefanie Augustin, Heike Wex, Dennis Niedermeier, Bern-
hard Pummer, Hinrich Grothe, Susan Hartman, Laura Tomsche, Tina Clauss, Jens Voigtlän-
der, Karoliina Ignatius and Frank Stratmann in the journal "Atmospheric Chemistry and
Physics", 13, doi:10.5194/acp-13-10989-2013, 10989-11003, 2013.
Reprinted with permission by the authors from Atmospheric Chemistry and Physics, 2013,
doi:10.5194/acp-13-10989-2013.
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Abstract. Birch pollen grains are known to be ice nucle-
ating active biological particles. The ice nucleating activ-
ity has previously been tracked down to biological macro-
molecules that can be easily extracted from the pollen grains
in water. In the present study, we investigated the immer-
sion freezing behavior of these ice nucleating active (INA)
macromolecules. Therefore we measured the frozen fractions
of particles generated from birch pollen washing water as a
function of temperature at the Leipzig Aerosol Cloud Inter-
action Simulator (LACIS). Two different birch pollen sam-
ples were considered, with one originating from Sweden and
one from the Czech Republic. For the Czech and Swedish
birch pollen samples, freezing was observed to start at −19
and −17◦C, respectively. The fraction of frozen droplets in-
creased for both samples down to −24◦C. Further cooling
did not increase the frozen fractions any more. Instead, a
plateau formed at frozen fractions below 1. This fact could be
used to determine the amount of INA macromolecules in the
droplets examined here, which in turn allowed for the deter-
mination of nucleation rates for single INA macromolecules.
The main differences between the Swedish birch pollen and
the Czech birch pollen were obvious in the temperature range
between −17 and −24◦C. In this range, a second plateau re-
gion could be seen for Swedish birch pollen. As we assume
INA macromolecules to be the reason for the ice nucleation,
we concluded that birch pollen is able to produce at least two
different types of INA macromolecules. We were able to de-
rive parameterizations for the heterogeneous nucleation rates
for both INA macromolecule types, using two different meth-
ods: a simple exponential fit and the Soccer ball model. With
these parameterization methods we were able to describe the
ice nucleation behavior of single INA macromolecules from
both the Czech and the Swedish birch pollen.
1 Introduction
As ice nucleation in clouds influences precipitation initiation
and radiative forcing (Pruppacher and Klett, 1997; Lohmann
et al., 2002; Storelvmo et al., 2011), it plays an important
role for both climate and weather. Ice formation in clouds
occurs either through homogeneous or heterogeneous ice nu-
cleation. For the latter case, an insoluble particle called an ice
nucleus (IN) lowers the energy barrier for the phase transi-
tion from liquid water to ice, causing freezing at higher tem-
peratures than homogeneous ice nucleation. To understand
the glaciation of clouds and to be able to model clouds, the
knowledge about the ice nucleation ability and thus the het-
erogeneous nucleation rate of the IN that are present in the
atmosphere is necessary. Investigations of ice crystal residues
in an air mass sampled in the western USA showed that,
in this particular case, about one-third of the atmospheric
IN were of biological origin (Pratt et al., 2009). Addition-
ally, Pratt et al. (2009) stated that 60 % of the dust particles
were likely to be internally mixed with humic and/or bio-
logical material. Also, Schnell and Vali (1972) and Conen et
al. (2011) showed that mineral samples containing organic
material froze at higher temperatures than pure mineral sam-
ples, and Schnell and Vali (1976) suggested that clay parti-
cles may act as inert carriers of biological materials.
Biological particles – which include bacteria,
viruses, spores, plant and insect fragments, algae and
pollen – are known to nucleate ice at much higher
Published by Copernicus Publications on behalf of the European Geosciences Union.
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temperatures than nonbiological particles, e.g., mineral
dust (Szyrmer and Zawadzki, 1997; Murray et al., 2012).
In the case of bacteria, ice-nucleating proteins (INP) are
responsible for the ice nucleation (e.g., Wolber et al., 1986;
Govindarajan and Lindow, 1988, Hartmann et al., 2013).
They are thought to act as templates onto which further water
molecules can attach and form ice-like crystalline structures
(Graether and Jia, 2001). Thus water molecule clusters
are generated that are large enough to initiate freezing at
temperatures far above the homogeneous freezing point (up
to −2◦C; see Maki et al., 1974).
In the case of pollen, there have only been a few experi-
mental investigations. The high hygroscopicity of pollen was
already shown by Durham (1941) and Dingle (1966), but still
little is known about their ice nucleating ability. Diehl et al.
(2001, 2002) and von Blohn et al. (2005) performed some
measurements with different pollen types in a wind tunnel.
They found that pollen grains are active ice nuclei in the im-
mersion and condensation mode but not in the deposition
mode. Median freezing temperatures of −13.8, −15.8 and
−16.2◦C were found for birch pollen, oak pollen, and grass
and pine pollen, respectively. Also Pummer et al. (2012)
identified birch pollen as the most ice-active pollen type.
In that study 15 different pollen species were investigated
in an oil emulsion on a cryostage microscope. Birch, pine
and juniper pollen showed the highest median freezing tem-
peratures with −19, −20 and −21◦C, respectively. As these
species usually occur up to the northern timberline, it was
assumed that this mechanism protects the plant from frost
damage (Pummer et al., 2012).
Pollen grains are the male gametes (sexual reproduction
cells) of spermatophytes (seed-producing plants). In order to
fertilize a female pistil, pollen has to be transported, either by
flying animals, water or wind. Wind-distributed pollen grains
are emitted by plants in high numbers into the air. Conse-
quently, they are present in the atmospheric aerosol. How-
ever, as generally pollen grains have sizes between 10 and
100 µm in diameter, they are considered to be too large to re-
main in the atmosphere for a long time, as reported by, e.g.,
Phillips et al. (2007). They also mentioned that in the case of
broken pollen, their small submicron fragments could be nu-
merous and thus play a more important role in atmospheric
processes.
Pummer et al. (2012) found that the pollen bodies them-
selves are not necessary for the ice nucleation. They investi-
gated a so-called pollen washing water that was produced by
suspending pollen in water and removing them afterwards
by filtration. In general, the measured median freezing tem-
peratures reported in Pummer et al. (2012) were similar for
the whole grains and the respective pollen washing waters.
The ice activity of the pollen washing waters could be at-
tributed to extractable compounds with masses between 100
and 300 kDa, which was determined via size-selective filtra-
tion. It is known that the pollen surface is covered with huge
amounts of compounds (e.g., Breiteneder et al., 1989; Clarke
et al., 1979; Schulte et al., 2009), with many of them being
easily extractable in water. Another source for pollen mate-
rial is the interior of the pollen that can become accessible by
the bursting of grains in water (Schäppi et al., 1999). Further
investigation with bioanalytical techniques, such as chemi-
cal and enzymatic degradation experiments, has shown that
the ice-active pollen compounds are macromolecules with no
or unimportant proteinaceous content (Pummer et al., 2012).
Therefore, polysaccharides are the most likely candidate for
being the ice-active compounds since they commonly occur
on the pollen surface.
The occurrence of independent allergens and sugars in the
atmosphere, originating from pollen, has previously been re-
ported in the literature (Yttri et al., 2007; Schäppi et al.,
1999). According to these studies, bursting of pollen grains
by rainfall is thought to be the most probable source. Schäppi
et al. (1999) observed that the concentration of allergens and
sugars in the atmosphere is 10 times higher on rainy days
than on dry days. Consequently, fragments of pollen and/or
substances washed out of pollen could play an important
role in atmospheric ice nucleation as both fragmentation and
washing processes may significantly increase the number and
lifetime of ice nuclei compared to the pure pollen.
Therefore, we used the Leipzig Aerosol Cloud Interac-
tion Simulator (LACIS; Stratmann et al., 2004; Hartmann
et al., 2011) to investigate the freezing behavior of particles
generated from birch pollen washing water. As mentioned
above, Pummer et al. (2012) have already defined the respon-
sible freezing entities in the pollen washing water as nonpro-
teinaceous macromolecules. Here we quantified the ice nu-
cleation ability of these ice nucleation active (INA) macro-
molecules as a function of temperature. In contrast to the ex-
isting studies, we investigated droplets containing only one
size-segregated particle. We were able to produce these par-
ticles in a way that they contained none, one or a very small
number of INA macromolecules. Due to this, the newly de-
veloped CHESS model (Hartmann et al., 2013) could be used
to derive the effective heterogeneous ice nucleation rate of
the INA macromolecules.
2 Material and measurement method
2.1 Material preparation and particle generation
For the measurements we used two different birch pollen
samples from different origins. One sample was ordered from
Pharmallerga® and originated from the Czech Republic (in
the following it will be called Czech birch). The other sam-
ple contained pollen from Sweden (in the following it will be
called Swedish birch) and was obtained from AllergonAB®.
In both cases the birch species was Betula pendula. The
pollen samples were cleaned by the companies through size
separation in a cyclone. The final product meets the pu-
rification degree necessary for pharmaceutical use (as these
Atmos. Chem. Phys., 13, 10989–11003, 2013 www.atmos-chem-phys.net/13/10989/2013/
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samples are usually used by allergologists). In order to keep
the sample as natural as possible, we requested that no further
treatments (e.g., defatting) be carried out. Both birch pollen
samples considered in our study originated from the same
batch as the birch pollen used in Pummer et al. (2012). The
measurement preparations, procedures and conditions were
identical for both samples.
The preparation of the pollen washing water was done
in exactly the same way as it had been done in Pummer
et al. (2012). First we suspended 1 g of pollen in 20 mL of
deionized water. After shaking the suspension it was placed
in the refrigerator over night. The next day, the suspension
was shaken again before the pollen grains were removed
by filtering (round filter, Schleicher and Schüll Selecta 595,
pore size 4–7 µm). Pummer et al. (2012) examined transmis-
sion electron microscopy pictures of the dried pollen extracts
to ensure that there were no submicron fragments of pollen
grains that could have been responsible for the observed IN
activity. Additionally, Pummer et al. (2012) showed that the
ice-active compounds in the pollen suspension are actually
much smaller than the pore size of the filters, since even fil-
tration with 300 kDa Vivaspin tube filters did not lead to a
decline in the ice activity of the suspensions.
The outer shell of pollen consists of sporopollenin,
which is a heterogeneous, tough and rather hydrophobic
organopolymer. Various biomolecules such as proteins, sug-
ars, polysaccharides, fats and volatile organic compounds
(e.g., Clarke et al., 1979; Breiteneder et al., 1989) are located
on the surface of this polymer, and these biomolecules were
suspended in the washing water. Additionally, pollen grains
may also burst upon contact with water (e.g., Schäppi et al.,
1999), so our suspensions might also contain material from
the pollen interior. In nature, both the outer surface of the
pollen and also the pollen interior are possible sources for
the release of material from pollen. In the former case, mate-
rial can just be washed off through contact with water (rain,
surface waters); in the latter case, the bursting of pollen can
be initiated upon contact with water. Therefore, although it
is not known if the material we examine originates from out-
side or inside of the pollen, it does not matter in the study
presented here, since we want to characterize the birch pollen
IN in general. As we used the same batch of birch pollen and
the same procedure for preparing the pollen washing water as
Pummer et al. (2012), we assume that the ice nucleating ac-
tive compounds are macromolecules with no or unimportant
proteinaceous content (Pummer et al., 2012).
An atomizer (following the design of TSI 3075) was used
to generate droplets from the pollen washing water, and af-
terwards these droplets were dried by passing them through
a silica gel diffusion dryer. As the pollen washing water con-
sists of a mixture of several substances, the resulting parti-
cles also consist of these different biomolecules, including
the INA macromolecules. Subsequent to particle generation,
the dry particles were size-selected using a differential mo-
bility analyzer (DMA; Knutson and Whitby, 1975; type “Vi-
enna medium”) in a range between 100 and 800 nm (mobility
diameter) and then fed into LACIS.
2.2 LACIS
In this section, the LACIS setup and operating principle are
described briefly. For more detailed information see Nieder-
meier et al. (2010) and Hartmann et al. (2013, 2011). In
Fig. 1, the schematic setup of the LACIS flow tube is shown.
LACIS itself consists of seven connected 1 m tube sections
with an inner diameter of 15 mm. The wall temperature of
each tube section is set separately by different thermostats
(TH). In the inlet section of LACIS, the aerosol flow is com-
bined isokinetically with a humidified sheath air flow such
that the aerosol forms a beam of approximately 2 mm in
diameter along the center line of the flow tube. By cool-
ing the tube walls, well-defined temperature and supersatu-
ration profiles with respect to water and ice can be achieved
along the center of the flow tube where the aerosol beam
is placed. When passing through the flow tube, the cooling
leads to the activation of the dry particles to droplets and
due to further cooling the droplets may freeze. It should be
noted that inside LACIS, each droplet contains only one sin-
gle particle, and in the case of the size-segregated measure-
ments performed in the framework of the present paper, all
immersed particles feature the same mobility diameter. At
the outlet of LACIS, the Thermally Stabilized Optical Parti-
cle Spectrometer (TOPS-ICE, developed and built at TRO-
POS; Clauss et al., 2013) is used to determine the number
and the phase state of the hydrometeors. By means of TOPS-
ICE, the ice fraction (number of frozen droplets divided by
the total number of frozen and unfrozen droplets) and the
size of the droplets and ice particles can be analyzed. For the
present investigations, with this setup ice fractions down to
1 % can be determined with acceptable measurement uncer-
tainties, while below this limit the significantly increasing
measurement uncertainties generally inhibit the use of the
data. For the investigation of the immersion freezing behav-
ior of birch pollen washing water, ice fractions in the tem-
perature range between −17 and −35◦C were determined.
For more detailed information about the operation mode of
LACIS, see Hartmann et al. (2013, 2011).
3 Results
3.1 Czech birch pollen washing water
Figure 2 shows the experimental results of the immersion
freezing behavior of particles generated from Czech birch
pollen washing water. The ice fraction is plotted as a function
of temperature for five different particle sizes (mobility diam-
eter Dp: 150, 300, 500, 650 and 800 nm). Error bars given in
Fig. 2 (as well as in all other figures) are standard deviations
in those cases where ice fractions were measured at least
on three separate occasions for a specific particle size and
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Fig. 1. Setup of the LACIS flow tube. The abbreviation TOPS-ICE
stands for Thermally Stabilized Optical Particle Spectrometer.
temperature. However, such a standard deviation could not
always be obtained. In these cases, we report error bars based
on counting statistics of TOPS-ICE (the number of droplets
counted per measurement was at least around 2000), which,
as we know from former experience, are equal to or smaller
than those based on standard deviations from repeated mea-
surements.
For 300, 500 and 800 nm particles, the ice fraction was an-
alyzed as a function of temperature in a range from −19 to
−35◦C. First, the logarithm of the ice fractions increases lin-
early with decreasing temperature in the temperature range
between −19 and −23◦C. With further cooling, the ice frac-
tion curves level off to constant values, suggesting a satura-
tion behavior of the immersion freezing process.
In our study, the ice fraction values at the saturation level
f ⋆ice (see ice fractions at −35◦C) are size dependent, e.g.,
0.03 and 0.7 for 150 and 800 nm particles, respectively. In
the left panel of Fig. 3, f ⋆ice is plotted as a function of particle
mobility diameter. In general, f ⋆ice increases with increasing
mobility diameter Dp.
In the case of pollen, Pummer et al. (2012) suggested that
single sugar-like macromolecules, possibly polysaccharides,
are responsible for the ice nucleating ability of pollen. Due to
washing the pollen grains, different biomolecules, including
these INA macromolecules, can be separated from the pollen
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Fig. 2. Ice fraction fice as a function of temperature T for 150, 300,
500, 650 and 800 nm Czech birch pollen washing water particles.
The filled squares show the LACIS data and the triangles are mea-
surements done by Bernhard Pummer with a cryostage microscope
(Pummer et al., 2012, Pummer, 2013).
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Fig. 3. Ice fraction in the saturation range f ⋆ice of the Czech
birch pollen washing water particles vs. mobility diameter for T =
−35◦C (left panel). Expected value λ of the Poisson distribution
describing the average number of INA macromolecules per Czech
birch pollen washing water particle as a function of particle surface
(D2p) (upper right panel) and as a function of particle volume (D3p)
(lower right panel). R2 is the correlation factor.
bodies (see Sect. 2.1) and become suspended in the washing
water. Pummer et al. (2012) reported a median freezing tem-
perature of around −18◦C for both birch pollen and birch
pollen washing water. The data resulting from their measure-
ments are shown in Fig. 2. The concentration of the birch
pollen washing water investigated was the same as in our
experiments (50 mg pollen per mL water). However when
trying to compare between the different results, differences
in the operation method need to be considered. Experiments
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with LACIS investigate the freezing of droplets with diame-
ters around 3 µm, with each droplet grown on a single size-
segregated particle generated from the birch pollen washing
water. In the oil emulsion used in Pummer et al. (2012) the
droplets are generated directly from the suspension and fea-
ture diameters of some tens of micrometers. The absolute
mass of pollen material present in these droplets is orders
of magnitude higher than the absolute mass considered in
our experiments. Assuming that the number of INA macro-
molecules is related to the mass of pollen material, the num-
ber of INA macromolecules per droplet in the experiments by
Pummer et al. (2012) is orders of magnitude larger as well.
This explains the higher freezing temperatures observed in
their experiments.
In Pummer (2013), different and more diluted suspensions
were examined for the Czech Birch pollen washing water.
Data for these additional suspensions are added to Fig. 2. It
was found that for concentrations of 0.1 mg mL−1 and less,
not all droplets nucleated ice anymore (i.e., plateau regions
similar to those reported in our study appeared), and the
fraction of ice nucleating droplets decreased with decreasing
concentration.
In our measurements, the atomization of the washing wa-
ter leads to a distribution of the INA macromolecules to the
generated droplets, and after drying of these droplets, parti-
cles with or without INA macromolecules are formed. We as-
sume that in the present experiments ice nucleation can only
be induced by these single INA macromolecules. Also, from
the fact that we find a plateau at f ⋆ice, we conclude that not
all particles contain such an INA macromolecule. Therefore
the fraction of particles without any INA macromolecule is
defined as 1− f ⋆ice.
Following the approach described in Hartmann et
al. (2013), the average number of INA macromolecules per
particle is determined by assuming a Poisson distribution
of these molecules over the particle population. This Pois-
son distribution is defined by the expected value λ and the
stochastic variable X varying in a range of k = 0, . . ., n. The
probability that a pollen washing water particle contains k
INA macromolecules is
Pλ(X = k)=
λk
k!
e−λ. (1)
Due to the fact that the ice fraction fice reaches a saturation
range with f ⋆ice < 1, we can determine the probability that a
particle does not contain an INA macromolecule:
P(X = 0)=
λ0
0!
e−λ = 1− f ⋆ice. (2)
Consequently,
λ=− ln(1− f ⋆ice). (3)
The parameter λ describes the average number of the INA
macromolecules per particle at a given particle size. The re-
spective λ values are shown in the right panel of Fig. 3 for
different particle surfaces (upper panel) and particle volumes
(lower panel). To give an illustrative example, Fig. 3 shows
that of all particles with a diameter of 650 nm, roughly 48 %
contained at least one INA macromolecule (with a size of
roughly 10 nm (300 kDa)), while the remaining particles in
this size range did not contain any INA macromolecules.
Poisson distribution in this case tells us that the average num-
ber of INA macromolecules per droplet is around 0.7, or, in
other words, that 70 INA macromolecules are distributed ran-
domly over 100 generated particles.
As can be seen in Fig. 3, λ can be described by both a lin-
ear surface area dependence (D2p) and a linear volume depen-
dence (D3p), illustrated by the linear fits (gray lines). Assum-
ing that the particles activated in LACIS are fully soluble, we
would have expected a dependence of λ on particle volume
only (Hartmann et al., 2013). A possible explanation for the
surface area dependence could be that in our experiments the
particles produced from the pollen washing water dissolve
only partly when being activated inside LACIS and that only
the INA macromolecules that were present in the dissolved
material induce freezing. When drying pollen washing wa-
ter, we found that the remnants were a somewhat sticky and
sweet-smelling substance resembling honey. This suggests
that possibly slowly dissolving substances are contained in
the material that is washed off from the pollen, and therefore
it could be that the generated particles need more time than
the few seconds they have in LACIS to dissolve completely.
As our goal is to calculate heterogeneous nucleation rates of
single INA macromolecules, the average number of the ac-
tive INA macromolecules (given by λ) is of interest, indepen-
dent on how λ scales with particle diameter. For the following
calculations we decided to use the surface-dependent param-
eterization for λ (λ= 1.777×10−6 nm−2 ·D2p), as the correla-
tion factor (R2 = 0.987) is slightly better than the correlation
factor of the linear volume dependence (R2 = 0.968).
In the following, we take a simple approach and assume
that all INA macromolecules from the Czech birch pollen
that induce freezing are identical. The knowledge of the aver-
age number of INA macromolecules per droplet (λ) enables
us to derive the heterogeneous ice nucleation rate (Jhet =
Ssitejhet) for one single INA macromolecule from the exper-
imentally determined ice fractions, using the CHESS model,
described in Hartmann et al. (2013):
fice(T )= 1− exp(−λ(1− exp(−Ssitejhet(T )t))). (4)
Here Ssite is defined as the ice nucleating surface area
of a single INA macromolecule, which is independent of
the selected particle mobility diameter. jhet is the heteroge-
neous ice nucleation rate coefficient. t describes the nucle-
ation time, which is known for LACIS measurements from
CFD simulations (see Hartmann et al., 2013). With Eq. (4),
the heterogeneous ice nucleation rate Jhet with the unit num-
bers per second (#/s) can be derived. In Fig. 4, the values for
Jhet for 300, 500 and 800 nm are shown for the temperature
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Fig. 4. Heterogeneous ice nucleation rate (Jhet) for 300 , 500 and
800nm particles of Czech birch pollen washing water particles as
a function of temperature T (colored dots) and parameterized Jhet.
Straight line: simple exponential fit of Jhet with A= 2.320× 10−8
and B =−0.835◦C−1; dotted line: SBM with µ= 58.2◦ and σ =
4.6◦; and gray dotted line: SBM with one contact angle µ= 54.43◦.
range in which the natural logarithm of the ice fraction in-
creases linearly with temperature (−19 ≥ T ≥−23◦C).
It can be seen in Fig. 4 that Jhet is not a function of the par-
ticle diameter. This is to be expected, as the average number
of INA macromolecules per particle, i.e., λ, was accounted
for (see Eq. 4). Therefore, Jhet now represents a nucleation
rate that can be interpreted as being representative for the
kind of INA macromolecule occurring on the Czech birch
pollen.
With an exponential fit through the Jhet values of the dif-
ferent sizes we obtain the following fit function:
Jhet = A · exp(B · T ), (5)
with the coefficients A= 2.320× 10−8 s−1 and B =
−0.835◦C−1. The nucleation rate ranges between 2×
10−1 s−1 at−19◦C and 4×100 s−1 at−23◦C and is depicted
by the straight red line in Fig. 4.
Note that the expression given in Eq. (5) represents a sim-
ple way to parameterize the heterogeneous ice nucleation rate
as a function of temperature assuming that all INA macro-
molecules feature the same ice nucleating properties. How-
ever, at low temperatures (T <−22◦C, see Fig. 4), the ac-
tual nucleation rate is slightly overestimated by this simple
parameterization (compare nucleation rate determined from
Eq. (5) (straight red line) with the rate that is directly cal-
culated from the measured fice (colored dots)). Addition-
ally, we compared the temperature dependence of the de-
rived heterogeneous ice nucleation rate parameterization (Eq.
(5)) with one determined applying classical nucleation theory
(CNT; e.g., Zobrist et al., 2007) using a single contact an-
gle (dotted gray line in Fig. 4). We found a less pronounced
temperature dependence for the parameterized nucleation
rate. From Niedermeier et al. (2011b) it can be concluded
that this is most likely due to the investigated INA macro-
molecules not having fully identical ice nucleating proper-
ties. This heterogeneity of the INA macromolecules could
imply variations in size and/or structure. In other words, al-
though we are investigating the ice nucleation behavior of
single INA macromolecules, this does not necessarily im-
ply that all INA macromolecules are fully identical (a de-
tailed discussion concerning possible macromolecule differ-
ences leading to slightly different nucleating properties will
be given in the discussion section). Therefore, the given pa-
rameterization for the nucleation rate (Eq. 5) has to be con-
sidered as an effective nucleation rate that is valid for the
temperature and time range investigated with LACIS.
We considered a more sophisticated parameterization
based on the Soccer ball model (SBM), which combines
the CNT with the assumption of a contact angle distribu-
tion (Niedermeier et al., 2011b). In contrast to the original
method presentation in Niedermeier et al. (2011b), the num-
ber of sites per particle is replaced by the average number
of INA macromolecules per droplet, namely λ. Then, with
the assumption of the size of a single INA macromolecule
as Dp = 10 nm (Pummer et al. (2012) estimated its size to
be about 300 kDa in maximum), the Soccer ball parameters,
i.e., mean contact angle µ and standard deviation σ , could be
determined: µ= 58.2◦ and σ = 4.6◦. The resulting parame-
terized nucleation rate is shown also in Fig. 4. Note that the
temperature dependence of the individual nucleation rates for
the different contact angles originates from CNT. The nucle-
ation rate shown in Fig. 4 is then the result of the integration
over all individual nucleation rates. It can be seen that the
Soccer ball parameterization represents well the nucleation
rate derived from measurements within the entire tempera-
ture range investigated.
With the calculated average number of INA macro-
molecules (λ) and the parameterized heterogeneous ice nu-
cleation rate Jhet (by the simple exponential fit as well as
by the SBM), we can now determine the ice fraction fice
as a function of temperature for different particle sizes and
thus for different λ values. In Fig. 5, the results for 300, 500
and 800 nm particles are shown as straight (simple exponen-
tial fit) and dotted lines (SBM). The increase of the ice frac-
tion with decreasing temperature and the different saturation
ranges of f ⋆ice of the differently sized particles can be simu-
lated by both parameterizations, where the SBM parameter-
ization can represent the data slightly more accurately. This
is also illustrated by the least-mean square (see caption of
Fig. 5). In Appendix A, additional model results are shown.
Calculations were done using either only a single contact an-
gle or omitting the fact that only a fraction of all generated
particles carried an INA macromolecule. In all of these cases,
no agreement between measurement and calculation was ob-
served.
To summarize, we are able to consistently describe the
ice nucleation behavior of the Czech birch pollen washing
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Fig. 5. Ice fraction fice as a function of temperature T for 300 ,
500 and 800nm Czech birch pollen washing water particles (dots)
and model calculations for the different sizes (lines) where Jhet was
calculated based on a simple exponential fit of Jhet (straight line)
or based on the SBM (dotted line) (see Fig.4). Least-mean square
values for 300 , 500 and 800nm particles are 0.144, 1.180 and 0.760
for the simple exponential fit of Jhet and 0.004, 1.020 and 0.428 for
the SBM, respectively.
water by assuming the number of INA macromolecules to be
a function of initial particle size and by an ice nucleation rate,
either parameterized by using a simple exponential fit or by
a more complicated distribution of contact angles.
3.2 Swedish birch pollen washing water
Figure 6 shows the experimental results of the immersion
freezing behavior of particles generated from Swedish birch
pollen washing water. Again, different mobility diameters
(100, 200, 300, 500, 650 and 800 nm) were considered, with
the 300, 500 and 800 nm particles being analyzed in more
detail. In the temperature range between −17 and −20◦C
the ice fractions of the particles generated from the Swedish
birch pollen washing water steeply increase with decreasing
temperature. Subsequent to this steep increase, the ice frac-
tions rise less steeply and finally reach the saturation range.
In the left panel of Fig. 7, the ice fraction in the saturation
range f ⋆ice for the Swedish birch pollen washing water is plot-
ted against the mobility diameter Dp. As for the Czech birch
pollen washing water, f ⋆ice increases with increasing Dp. For
λ (right panels of Fig. 7), we again found a better agree-
ment between λ and D2p (R2 = 0.992) than between λ and
D3p (R2 = 0.928). Again, as for the Czech birch pollen, one
possible explanation for this behavior can be that particles
produced from the Swedish birch pollen washing water dis-
solve only partly when being activated inside LACIS.
We calculated the heterogeneous nucleation rate of the
particles generated from the Swedish birch pollen sample in
the same way as for the Czech birch pollen sample by as-
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Fig. 6. Ice fraction fice as a function of temperature T for 100,
200, 300, 500, 650 and 800nm Swedish birch pollen washing water
particles.
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Fig. 7. Ice fraction in the saturation range f ⋆ice of the Swedish
birch pollen washing water particles vs. mobility diameter for T =
−35◦C (left panel). Expected value λ of the Poisson distribution de-
scribing the average number of INA macromolecules per Swedish
birch pollen washing water particle as a function of particle surface
(D2p) (upper right panel) and as a function of particle volume (D3p)
(lower right panel). R2 is the correlation factor.
suming that only one type of INA macromolecules is respon-
sible for freezing. We used the ice fraction measurements in
the temperature range in which the natural logarithm of the
ice fraction increases linearly with temperature between−17
and−20◦C. After calculating the ice fraction using the expo-
nential fit parameterization of the heterogeneous nucleation
rate (Jhet = 2.684× 10−16 exp(−1.893◦C−1·T ) s−1) as well
as the SBM parameterization (µθ = 49.8◦ and σθ = 1.2◦)
and the determined λ values, we noticed that a model includ-
ing only one type of INA macromolecule could not fully rep-
resent our data, as can been seen in Fig. 8. The mean square
errors between the measured and the calculated ice fraction
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Fig. 8. Ice fraction fice as a function of temperature T for 300 ,
500 and 800nm Swedish birch pollen washing water particles (dots)
and model calculations for the different sizes (lines) assuming only
one INA macromolecule to be present in the Swedish birch pollen
sample. The mean square errors between the measured and the cal-
culated ice fraction for the 300, 500 and 800nm particles showed
values of 7.22, 14.47 and 2.58 for the simple exponential fit of Jhet
and 6.19, 14.70 and 2.50 for the SBM, respectively.
for the 300, 500 and 800 nm particles showed values of 7.22,
14.47 and 2.58 for the simple approach and 6.19, 14.70 and
2.50 for the SBM, respectively.
A possible explanation for this discrepancy could be that
there is more than one kind of INA macromolecule present
in the Swedish birch pollen washing water. To clarify this,
we used a method (the so-called differential spectra) that
was used by Vali (1971) in a similar way to quantify IN that
are active at a specific temperature. Therefore the fraction of
droplets that froze per temperature interval was calculated for
the 500 and 800 nm particles, i.e., (fice(T2)−fice(T1))/(T2−
T1) (see Fig. 9). Error bars were obtained by error propaga-
tion using the errors for the ice fraction, shown in Figs. 2
and 6. We observed that the differential spectra of the par-
ticles generated from the Czech birch pollen washing wa-
ter show one mode (within measurement uncertainty), and it
can be seen that all the IN become active in the temperature
range from roughly −20 to −27◦C. The particles generated
from the Swedish birch pollen washing water, however, show
two modes in separate temperature ranges, where one mode
occurs roughly in the same temperature range as found for
the Czech birch pollen sample. This result for the Swedish
birch pollen sample can be interpreted as two different kinds
of INA macromolecules being active – one similar to the
one found for the Czech birch pollen sample and an addi-
tional one being ice active already in the temperature range
from −17 to −20◦C. Despite the small differences between
the peaks from the two different samples in the temperature
ranges from −20 to −27◦C, we assume that the respective
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Fig. 9. Change of the ice fraction fice per temperature interval for
the 500 (upper panel) and 800nm (lower panel) particles of the
Czech birch pollen washing water (light gray) and the Swedish
birch pollen washing water (dark gray).
INA macromolecules are of the same kind. A detailed dis-
cussion of these assumptions will be done in Sect. 4.
In the following the two different types of INA macro-
molecules will be called INA-α and INA-β, with INA-β be-
ing the more IN active macromolecule type that is assumed to
be present only in the sample of the Swedish birch pollen and
INA-α being the less IN active macromolecule type present
in both birch pollen samples. For the further calculations we
assume that the ice nucleation rate of INA-α, i.e., Jhet,α ,
is similar to the one determined for the particles generated
from the Czech birch pollen washing water. Additionally,
we assume that the average number of INA macromolecules
present in the particles is equal to the sum of both the average
number of INA-β (λβ ) and INA-α (λα):
λtot = λα + λβ . (6)
To calculate the heterogeneous nucleation rate of the INA-
β, i.e., Jhet,β , we again use the CHESS model assuming a
combination of INA-α and INA-β:
fice(T )= 1− exp(−λα(1− exp(−(Jhet,α(T ))t)))×
×exp(−λβ(1− exp(−(Jhet,β(T ))t))). (7)
Although Jhet,α is known from the Czech birch pollen
washing water measurements and λα can be derived from
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Fig. 10. Ice fraction fice as a function of temperature T for 300 ,
500 and 800nm Swedish birch pollen washing water particles
(dots) and model calculations for the different sizes (lines). The
model calculation results from the combination of the INA-α and
the INA-β. Therefore the parameterizations found for the INA-α
(see Fig. 4) were used. The parameterization for the INA-β are
A= 9.186×10−23 and B =−2.822◦C−1 for the exponential fit of
Jhet,β (straight lines), and µ= 47.8◦ and σ = 0.03◦ for the SBM
(dotted line).
Eq. (6) with λα = λtot − λβ , we still have two unknown pa-
rameters (λβ and Jhet,β ). These parameters were determined
by fitting Eq. (7) to the whole 500 and 800 nm data set in an
iterative manner. The 300 nm particles were excluded from
the fitting procedure as this data set is considered as too
sparse. Again, also the Soccer ball model was used in a simi-
lar way by including the parameterization for the contact an-
gle distribution found for the Czech birch pollen washing wa-
ter to represent INA-α and combine this with another contact
angle distribution for INA-β. Then Eq. (7) was also fitted to
the measured ice fraction of the 800 and 500 nm particles.
Obtained values for the INA-β are A= 9.186× 10−23
and B =−2.822◦C−1 for the exponential fit of Jhet,β , and
µ= 47.8◦ and σ = 0.03◦ for the SBM. Figure 10 shows cal-
culated ice fractions for the two cases (using a simple expo-
nential fit of Jhet (straight lines) and the SBM (dotted lines)).
Both the two different slopes and the final saturation range
(f ⋆ice) are represented very well by the fitted curves. The pa-
rameters obtained from the fitting procedure were then used
to model fice for the 300 nm particles, and, as can be seen
in Fig. 10, the resulting curve also reproduces the measured
data well. The mean square errors between the measured and
the calculated ice fraction for the 300, 500 and 800 nm par-
ticles showed values of 0.44, 0.51 and 1.3 for the simple ex-
ponential fit and 0.14, 0.51 and 0.56 for the SBM, respec-
tively. These values are considerably smaller than when we
assumed only one type of INA macromolecule to be present
in the Swedish birch pollen sample, as shown above. This
supports the assumption that at least two differently behav-
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Fig. 11. Left panel: parameterizations of Jhet,α (red lines, parame-
ters in caption of Fig. 4) and Jhet,β (blue lines, parameters in caption
of Fig. 10). Additionally the Jhet values from the measurements are
plotted as colored dots and circles. Right panel: λα , λβ and λtot of
the Swedish birch pollen washing water particles.
ing types of INA macromolecules are internally mixed in
the Swedish birch pollen sample, and that one of them is
similar to the INA macromolecule type found in the Czech
birch pollen washing water. Similar to what was found for the
Czech birch pollen, ice nucleation induced by each of these
two types of INA macromolecules can be well described by
using both approaches, the simple exponential one and the
one using a contact angle distribution, with a slightly better
performance of the latter.
In Fig. 11, the parameterizations for the heterogeneous
nucleation rates for the INA-α and the INA-β (left panel)
as well as the different λ parameterizations (right panel) are
shown. It is obvious from the λ values that the INA-α macro-
molecules are much more abundant in the Swedish birch
pollen washing water compared to INA-β macromolecules.
The difference between the two kinds of Jhet parameteri-
zations (simple exponential fit and SBM) becomes obvious
in the temperature range outside the measured nucleation
rates. However, in both cases, Jhet,β (blue lines) is much
steeper than Jhet,α (red lines), and the Jhet,β values lie be-
tween 1× 10−1 s−1 at −17◦C and 2× 101 s−1 at −19◦C.
Further discussions of this different behavior of the two types
of INA macromolecules will follow in the next section.
4 Discussion
We investigated the immersion freezing behavior of parti-
cles generated from the washing water of two different birch
pollen samples (Swedish birch and Czech birch). Both sam-
ples showed a saturation range in the frozen fraction at values
below 1. This behavior shows that in our measurements not
all droplets contain an INA macromolecule. Pummer (2013)
observed a similar behavior when diluting the suspensions
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from 50 mg mL−1 (Pummer et al., 2012) to 0.1 mg mL−1 and
less (see Fig. 2). As the number of INA macromolecules con-
tained in the droplets examined by Pummer (2013) can only
be roughly estimated (see Appendix B), a more quantitative
comparison of these data to ours was not done. However, data
from Pummer (2013) show a behavior comparable to our
data, particularly the one for a dilution of 0.005 mg mL−1,
which coincides with our data for 800 nm particles. The fact
that our data as well as the data from Pummer (2013) show an
increase in the levels of the plateau with increasing concen-
tration furthermore corroborate the finding that an increase
in the number of ice-active entities in a droplet also increases
the temperature at which a droplet will freeze, something
that has already been reported for ice-active protein com-
plexes on the bacterium Pseudomonas syringae in Hartmann
et al. (2013).
Diehl et al. (2002) presented ice fractions obtained for im-
mersion freezing of birch pollen. In the temperature range
where these ice fractions increase, they show a slope similar
to our data. Hence it could be assumed that the immersion
freezing reported for these and maybe also other pollen in
the past was also induced by INA macromolecules. In gen-
eral, Diehl et al. (2001, 2002) and von Blohn et al. (2005)
examined large droplets of sizes of a few hundred microm-
eters, containing many pollen grains per droplet. According
to our hypothesis, these droplets should have included a sig-
nificantly larger number of INA macromolecules than those
examined in our study. And indeed, freezing temperatures
reported here are below those reported by Diehl et al. (2001,
2002) and von Blohn et al. (2005), which could be explained
by the above-described shift of freezing curves to higher tem-
peratures upon an increase in the number of ice-active enti-
ties in the examined droplets.
Furthermore, we observed some differences in the tem-
perature dependence of the immersion freezing behavior be-
tween the particles from the Swedish and the Czech birch
pollen sample. As the ice fraction of the particles generated
from the Czech birch pollen washing water showed a loga-
rithmically linear increase with decreasing temperature (see
Fig. 2), we assume that there is only one type of INA macro-
molecule. In contrast to that the ice fraction of the parti-
cles generated from the Swedish birch pollen washing water
shows two different slopes (see Fig. 6), with one being much
steeper and one being similar to the slope of the particles
generated from Czech birch pollen washing water. This could
also be shown by the fraction of droplets that froze per tem-
perature interval (Fig. 9). So it seems that birch pollen can
express at least two different types of INA macromolecules
(INA-α and INA-β), with one being more ice active than the
other.
Considering the heterogeneous nucleation rates of these
two different types of macromolecules (see left panel of
Fig. 11), one notices the big differences in the slope. The
heterogeneous nucleation rate for the INA-β (blue lines) is
much steeper than the heterogeneous nucleation rate for the
INA-α (red lines). Additionally, the contact angle distribu-
tions determined for INA-α and INA-β by using the SBM
were different in that INA-β had a lower mean contact an-
gle and a much smaller standard deviation. This indicates
that INA-β is a more ice active and more homogeneous INA
macromolecule concerning the ice nucleating properties than
INA-α. The reason for that as well as for the seeming exis-
tence of two different types of INA macromolecules may lie
in the possible different chemical structures of the macro-
molecules. To clarify this, we have to consider the biological
point of view. Biomolecules, like the INA macromolecules
we examined here, are usually built up by a sequence of small
building blocks, e.g., proteins by amino acids and polysac-
charides by monosaccharides. Differences in the structures
of these linear or branched chains of units usually lead to
changes in the biological function and the biochemical prop-
erties of the macromolecule.
Differences could be explained in several ways:
– As the expression of certain macromolecules in a liv-
ing being is the result of a long-term sequence of spon-
taneous mutations, it is in principal possible, but un-
likely, that one species developed several completely
different and very active ice nuclei independently of
each other. For example, bacterial ice nucleation can
be tracked down to one specific type of a proteinaceous
compound (Lindow, 1995). It is more likely that an al-
ready existing possibility to express one type of INA
macromolecule (i.e., a gene) was altered by additional
mutation, leading to the expression of a somewhat dif-
ferent macromolecule that, however, still is ice active.
– For the proper function of a biological macromolecule,
the folding is of crucial importance. For example, the
misfolding of common prions can make them infec-
tious and cause severe illnesses (Pan et al., 1993).
Analogously, the folding of the INA macromolecule
in the samples could differ from one to another. Con-
sequently, the structuring effect on the water could be
different.
– The exchange of one building block in the sequence of
a biological macromolecule can fundamentally change
its properties – a phenomenon that is called point mu-
tation and can easily cause differences between differ-
ent individuals of one species (Takahashi et al., 1994).
– Posttranslational modification of biological macro-
molecules can be caused by environmental stress,
such as exposure to reactive atmospheric trace gases
(Franze et al., 2005). As the exposure to stresses de-
pends on location and time, samples taken from differ-
ent sites are likely to show different behavior.
In the case of the two pollen samples from different ori-
gins, the climatic conditions may be responsible for slight
differences in the properties of the macromolecules. Already
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Schnell and Vali (1976) found a clear correlation between the
abundance of IN in plant litter and the climatic region with
an overall increase in IN abundance with latitude. A second
reason could be that, for example, due to differences in the
degree of maturity, the amount of INA-β in the Czech birch
pollen is so small that we cannot resolve it with our measure-
ment setup. As our detection limit is at a frozen fraction of
1%, a reduction in abundance of INA-β by a factor of 10,
compared to the abundance of INA-α, would be enough to
hinder the detection with LACIS. However, more biochemi-
cal investigations will be necessary to characterize the birch
pollen IN and their variability with ambient conditions.
Finally, we will have a short look on the atmospheric ap-
plication of our measurements. Schäppi et al. (1999) found
that concentrations of allergens after rain show a significant
increase, which is due to bursting of pollen grains by osmotic
shock. In that way, also the INA macromolecules could be
separated from the pollen grains. Additionally, as shown by
Pummer et al. (2012) and the present study, the INA macro-
molecules can be easily washed off the pollen, and if this
happened in nature, the INA macromolecules could combine
with, for example, soil dust and could induce freezing by the
respective soil dust particles. A preliminary estimate shows
that it is likely that each birch pollen grain carries several
thousand macromolecules (see Appendix B). So if they are
separated from the pollen grains their concentration in the
atmosphere would increase extremely. Due to this large in-
crease of sources for INA macromolecules and due to the
long residence times of these nano-sized particles in the at-
mosphere, ice nucleation due to pollen might play a larger
role than, for example, reported in Hoose et al. (2010). It
is, however, challenging and far beyond the scope of this
study to determine the amount of INA macromolecules from
pollen that are present in the atmosphere. First of all, the
amount of these molecules produced will differ among dif-
ferent plant species (and even for the same species, as shown
in this study). Their small size aggravates detection, and it
also needs to be examined how these INA macromolecules,
once washed off or otherwise released from the pollen, can
become airborne. Also, their lifetime, prior to biological de-
composition, is completely unknown. All of these issues
should be topics for further research.
We want to add some information concerning the possi-
bility to use the here-gained nucleation rates for atmospheric
purposes: it has been shown before that a fitted nucleation
rate that well describes a single data set can fail when a dif-
ferent cooling rate or time is considered (e.g., Broadley et al.,
2012; Wright and Petters, 2013). The contact angle distribu-
tion as obtained with the SBM for INA-α yields a value for
σ of 4.6◦; hence, as discussed above, there seems to be some
variation within the different INA-α macromolecules. There-
fore, extrapolating the parameterization obtained for INA-α
to parameter ranges (with respect to temperature and time)
outside of those for which the measurements were made
might yield erroneous results. However, the contact angle
distribution obtained for INA-β is much smaller (σ = 0.03◦);
that is, these macromolecules are much more uniform. In
this case it can be expected that an extrapolation to different
nucleation times or cooling rates is possible. Based on this,
the nucleation rate determined for the INA-β macromolecule
type then is applicable over a wide parameter range.
This nucleation rate then would, for example, represent the
source term in the differential equation describing the time
evolution of the number concentration of frozen droplets.
Alternatively, CHESS model and nucleation rate together
could be used for describing ice nucleation by INA macro-
molecules in larger scale models. This approach allows for
the determination of frozen droplet fractions for a given tem-
perature, time and λ without solving a differential equation.
In this context we want to make an additional remark: the
term 1− exp(−Ssitejhet(T )t) in Eq. (4) represents the cumu-
lative distribution function of the exponential distribution.
This implies that τ = 1/Ssitejhet = 1/Jhet corresponds to the
characteristic time of freezing of a droplet population for a
given nucleation rate Jhet. As the nucleation rate Jhet de-
pends on temperature, this characteristic time for freezing is
a function of temperature as well. For the INA-β, we can de-
rive characteristic freezing times as discussed above based
on both the simple exponential fit applied to Jhet and also
based on SBM. Due to the narrow contact angle distribution,
values for these two approaches are very similar. The follow-
ing values result at different temperatures (values obtained
from SBM are given in parentheses): at T =−17◦C: τβ =
15.9 s (28.3±3.8 s); at T =−18◦C: τβ = 1 s (1.1±0.1 s); at
T =−19◦C: τβ = 0.06 s (0.07±0.01 s); and at T =−20◦C:
τβ = 0.003 s (0.006± 0.001 s). As is to be expected, charac-
teristic times for freezing decrease with decreasing tempera-
ture. Such nucleation-rate-based characteristic freezing times
could be considered in order to appropriately set the time
steps in atmospheric modeling applications and/or to judge
if, for a given time step, a time-independent (singular) treat-
ment of the freezing process is possible. In the latter case,
the frozen droplet fraction could be easily determined from
the CHESS model by the limit of Eq. (4) for time t to infin-
ity, i.e., fice = 1−exp(−λ). In other words, based on λ only,
the frozen droplet fraction can be determined if the nucle-
ation process is fast compared to the model time step (τice is
smaller than approximately one-third of the model time step).
Both approaches (nucleation rate alone and CHESS model
together with nucleation rate) require information concern-
ing the number of INA macromolecules present in the droplet
population. This number could be easily determined hav-
ing particle number and mass concentrations as model vari-
ables and, for example, the number of INA macromolecules
per particle mass as a parameter. However, it should be
noted that the number of INA macromolecules per particle
mass is currently a parameter that is not known. But fol-
lowing what we said above, concerning the abundance of
INA macromolecules, they might play a nonnegligible role
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in atmospheric ice nucleation, and hence research that helps
to set limits on their abundance is strongly needed.
5 Summary and conclusion
In this study the immersion freezing behavior of birch pollen
washing water was investigated at the Leipzig Aerosol Cloud
Interaction Simulator (LACIS). Particles generated from
washing water from two different birch pollen samples – one
from the Czech Republic (Czech birch pollen) and one from
Sweden (Swedish birch pollen) – were used to quantify their
freezing behavior as a function of temperature. Particles gen-
erated from Czech birch pollen washing water showed a log-
arithmically linear increase of the ice fraction with decreas-
ing temperature in a temperature range between −19 and
−23◦C. With further cooling the ice fraction leveled off to
a constant value.
However, particles generated from the Swedish birch
pollen washing water showed a somewhat different behav-
ior. A saturation range was also found for the lower temper-
atures, but for the increase of the ice fraction, two different
slopes were observed. In the temperature range between−17
and −20◦C, the ice fraction increased more steeply than for
the Czech birch pollen sample, but with further cooling the
increase became shallower and showed a slope similar to the
Czech birch pollen sample. Assuming that immersion freez-
ing is caused by INA macromolecules (Pummer et al., 2012),
we conclude first, based on the existence of a plateau region,
that not all droplets contain an INA macromolecule, second
that at least two different types of INA macromolecules do
exist, and third that one of these types is present in both
Swedish and Czech birch pollen washing water. Following
the approach of Hartmann et al. (2013), we calculated the
average number λ of INA macromolecules in one particle by
assuming the INA macromolecules to be Poisson distributed
over the whole particle population. Furthermore, by using
the newly developed CHESS model (Hartmann et al., 2013),
the heterogeneous ice nucleation rates for the two different
INA macromolecule types, Jhet,α and Jhet,β , could be deter-
mined based on the measured ice fractions and was param-
eterized as a function of temperature. Jhet,β showed a much
steeper increase with decreasing temperature than Jhet,α that
was found in both birch samples. The application of the Soc-
cer ball model (Niedermeier et al., 2011b) that represents a
more accurate, albeit also more complicated, parameteriza-
tion method showed a similar result. The contact angle dis-
tribution of the INA-β features a slightly lower mean value µ
and a much smaller standard deviation σ than INA-α. From
that we concluded that the INA-β is more homogeneous with
respect to its ice-nucleation-related properties (i.e., contact
angle) than the INA-α. Both parameterizations (exponential
fit and SBM) of the nucleation rate determined in this work
for the INA-β macromolecule can directly be used in cloud
or larger scale models to describe heterogeneous freezing
processes induced by these INA macromolecules. However,
as the contact angle distribution of INA-α is quite broad, an
extrapolation of the exponential fit parameterization to tem-
perature and time ranges outside of those shown here should
be done with caution as it might result in an overestimation
of the nucleation rate. So only the SBM parameterization of
Jhet,α is valid for the whole temperature and time range.
To summarize, it can be said that the INA macromolecules
that can be found on birch pollen grains are efficient ice nu-
clei. They nucleate ice at temperatures higher than −20◦C
and are more efficient than most of the nonbiological parti-
cles (e.g., mineral dust; see, e.g., Murray et al., 2012; Hoose
and Möhler, 2012). To date, the abundance of INA macro-
molecules in the atmosphere has not been determined, but
the possibility of multiplication of pollen fragments by, for
example, rain bursting was already shown (Schäppi et al.,
1999). So it is possible that the importance of pollen for the
ice nucleation in the atmosphere has been underestimated un-
til now.
Appendix A
Testing different model assumptions
Figure A1 shows frozen fractions originating from the im-
mersion freezing experiments with particles generated from
Czech birch pollen washing water compared to results from
additional model calculations. On the one hand, the gray
solid line shows the frozen fraction calculated based on
the simple approach fice(T )= (1− exp(−Jhet(T )t)) using
the exponential fit to describe the nucleation rate (Eq. (5),
straight line) without including the information of an aver-
age number of IN (λ) in the droplets. That means we assumed
that there is exactly one IN in every droplet. The measured
slope of the ice fraction is represented well by the model re-
sults but the saturation range cannot be reproduced. On the
other hand, the red, black and green dotted lines are results
from the CHESS model including a heterogeneous nucle-
ation rate based on CNT using a single contact angle (i.e.,
θ = 54.43◦). The measured saturation range is represented
well due to the fact that the average number of IN per droplet,
i.e., λ, was accounted for. However, the measured increase of
the frozen fractions in the temperature range above −24◦C
is not reproduced by the model.
Appendix B
The number of INA macromolecules per pollen grain
The number of INA macromolecules per pollen grain was
estimated as follows: a birch pollen grain is known to have
an average size of about 25 µm (Diehl et al., 2001) and it
can be assumed to be spherical (see, e.g., SEM pictures by
Pummer et al., 2012, and Grote et al., 1989). A density of
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Fig. A1. Ice fraction fice as a function of temperature T for 300 ,
500 and 800nm Czech birch pollen washing water particles (dots)
and different model calculations. For explanations see Appendix A.
1 g cm−3 was assumed (Niklas, 1985). From this the number
of pollen grains in 1 g of the pollen sample can be estimated
to be 1.2× 108.
A sample was prepared similarly to the procedure de-
scribed in the main text, and both the solution/suspension and
also the pollen caught in the filter were dried and weighted.
The amount of material found in the solution/suspension was
0.3 g, i.e., 30 % of the original pollen mass.
For a particle of known size, the dry mass can be calcu-
lated, again assuming spherical particles and a density of
the suspended material of about 1.6 g cm−3 (assumed aver-
age density for soluble pollen surface material). The average
number of macromolecules in a particle λ as a function of
particle size is known, and with this the average number of
macromolecules per particle mass.
By setting the particle mass in relation to the total sus-
pended mass, we can derive the number of macromolecules
per pollen grain, which results in values of about 2× 104.
The above-described procedure assumes that the particles
dissolve completely. If this were not the case and only an
outer shell of the particles were to go into solution, then the
number of macromolecules per pollen grain would even in-
crease, making it safe to assume that each birch pollen grain
carries several thousands of macromolecules.
Additionally, a further rough estimation yields the frac-
tion of the material that is ice active compared to the total
amount of material that can be washed of the pollen. For this,
the size of the dry particles at λ= 1 (i.e., where a particle
on average contains one INA macromolecule) can be deter-
mined to be around 740 nm for the Czech pollen sample and
440 nm for the Swedish. Assuming the INA macromolecule
to be spherical and to have a size of 10 nm, the volume frac-
tion of the INA macromolecule, compared to the total parti-
cle, is 0.001 % for the Swedish pollen sample and 0.0002 %
for the Czech. While this is only a crude estimate, it clearly
shows that the volume fraction of ice-active material can be
expected to be very small. However, it should once again
be mentioned that it is most likely not the volume fraction
but the absolute number of INA macromolecules present in a
droplet that controls the freezing behavior.
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Abstract In this study we present results from immersion freezing experiments with size-segregated
mineral dust particles. Besides two already existing data sets for Arizona Test Dust (ATD), and Fluka
kaolinite, we show two new data sets for illite-NX, which consists mainly of illite, a clay mineral, and feldspar,
a common crustal material. The experiments were carried out with the Leipzig Aerosol Cloud Interaction
Simulator. After comparing the different dust samples, it became obvious that the freezing ability was
positively correlated with the K-feldspar content. Furthermore, a comparison of the composition of the ATD,
illite-NX, and feldspar samples suggests that within the K-feldspars, microcline is more ice nucleation active
than orthoclase. A coating with sulfuric acid leads to a decrease in the ice nucleation ability of all mineral
dusts, with the effect being more pronounced for the feldspar sample.
1. Introduction
Ice particles influence both the cloud radiative properties and the cloud lifetime [Storelvmo et al., 2011;
Lohmann and Diehl, 2006]. Although ice nucleation research has been ongoing for many decades now, there
are still many open questions concerning the formation of ice in clouds [e.g., Hoose and Möhler, 2012;Murray
et al., 2012]. There are two primary processes that can initiate ice nucleation in the atmosphere, homoge-
neous and heterogeneous ice nucleation [Pruppacher and Klett, 1997]. In contrast to the homogeneous ice
nucleation, the heterogeneous ice nucleation is induced by a so-called ice nucleating particle (INP). This INP
lowers the energy barrier for the phase transition from water to ice, causing ice nucleation at higher temper-
atures than observed for homogeneous ice nucleation (−38◦C), for which no INP is present. Four different
modes of heterogeneous ice nucleation are mentioned in the literature: deposition nucleation, immersion
freezing, condensation freezing, and contact freezing [Pruppacher and Klett, 1997]. Ansmann et al. [2009]
suggested the immersion freezing mode to be the most important freezing mode in mixed phase clouds,
as they observed altocumulus clouds to almost always show a liquid cloud top before an onset of freezing
was observed.
There are some criteria which determine if a particle can act as an INP or not [Pruppacher and Klett, 1997].
These criteria range from size (the bigger, the better) over lattice match and hydrogen bonds to cracks and
defects on the surface of the particle. An early study fromWeickmann [1951] already suggested that similar-
ities between the lattice structure of a particle and an ice crystal could be responsible for the ice nucleation
ability of some substances as, e.g., silver iodide. Pruppacher and Klett [1997], summarizing older studies,
mentioned that clay particles were typically found in the central portion of snow crystals, and they discussed
that the ice nucleation ability of, e.g., kaolinite, a clay mineral, might be derived from the close fit of its lattice
structure to that of ice. For kaolinite, it was also stated, based on Monte Carlo simulations, that it is very likely
that water molecules tend to be adsorbed in trench-like defects, facilitating the freezing process [Croteau
et al., 2010]. To date, there is still very little fundamental physical understanding about the surface structures
that make a particle act as an INP.
In the past years, a significant part of the laboratory research on ice nucleation has focused on mineral dust
(see reviews by Murray et al. [2012] and Hoose and Möhler [2012]) as these particles are known to be the
most abundant INP in the atmosphere. Clay minerals comprise approximately two thirds of the total atmo-
spheric dust mass [see Atkinson et al., 2013, and references therein] and among these clay minerals, illite is
the most abundant component [Broadley et al., 2012].
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Figure 1. (top) Structure symmetry of crystals [Vainshtein, 1994].
(bottom) Exemplary overview listing some members of the
feldspar group. There are additionally, different mixtures exists,
where, e.g., a mixture between albite and anorthite is called
plagioclase. Sanidine is a mixture containing K as well as Na
feldspar and has a monoclinic crystal structure.
Recently, Atkinson et al. [2013] investigated the
ice nucleation ability of K-feldspar, a mineral
dust very common in the earth crust, with a
cold stage cell. They found that freezing was
already initiated at temperatures above −20◦C.
Additionally, they suggested that the ice nucle-
ation of natural dust in general is controlled
by the amount of K-feldspar in the aerosol par-
ticles. This idea was corroborated byWex et
al. [2014], who found that the ice nucleation
ability of two kaolinite samples correlated
with the amount of K-feldspar in them. Yako-
bi-Hancock et al. [2013] examined deposition
ice nucleation of Arizona Test Dust (ATD), a
chemically very heterogeneous substance,
and its mineral components which include
orthoclase, an end-member of the K-feldspar
group. They found that the ice nucleation abil-
ity of orthoclase was similar to that of ATD,
while other constituents showed a lower ice
nucleation activity.
In our study, we show a comparison of the
immersion freezing behavior of size-segregated
mineral dust particles. New results of the
immersion freezing ability of illite-NX and
feldspar are presented and compared to exist-
ing data on ATD [Niedermeier et al., 2011] and
Fluka kaolinite [Wex et al., 2014]. Experiments
were carried out with the Leipzig Aerosol Cloud
Interaction Simulator (LACIS) [Hartmann et al.,
2011]. Additionally, we show immersion freez-
ing measurements with sulfuric acid coated
mineral dust particles.
2. Materials andMethods
The illite-NX sample used in the present study was obtained from Arginotec (B + M Nottenkämper). The
feldspar sample was provided by the Technical University Darmstadt and originated from Minas Gerais,
Brazil. Both substances were examined in the framework of the Ice Nucleation research UnIT (INUIT) project.
The lattice structure of different minerals, e.g., illite and feldspar, is described in detail in Murray et al.
[2012]. While clays generally have a layered structure, feldspars are composed of a lattice of tetrahedrals.
The feldspar group contains a number of different end-members of which a few are given in Figure 1. The
end-members differ from each other by the contained cations (K, Na, or Ca) and/or by their lattice structure
symmetry (Figure 1).
The illite-NX investigated here contained mainly illite. Besides that, it contained some amounts of other
materials such as quartz, kaolinite, and feldspar [Atkinson et al., 2013]. The values given for the fractions of
these individual materials contained in illite-NX differ in the data sheet provided by the manufacturer, and
in the literature [Broadley et al., 2012;Möhler et al., 2008]. From our XRD analysis (X-ray diffraction, Panalyti-
cal X‘Pert Pro, Almelo, Netherlands, equipped with a Cu X-ray tube and an automatic divergence aperture),
we obtained a composition for illite-NX as shown in Table S1 in the supporting information. Furthermore,
the XRD analysis revealed that the feldspars included in illite-NX (14% by mass) are most likely orthoclase
(K-feldspar) and sanidine (Na and K-feldspar), but not microcline (K-feldspar). Unfortunately, it was not pos-
sible to quantify the exact amounts of these two feldspars. Atkinson et al. [2013] found that the amount of
K-feldspar in illite-NX is 8%. It should be mentioned that the mass fractions of the different minerals and
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particular the different feldspars contained in our samples are prone to uncertainties. However, combining
the above listed information regarding the feldspar content in illite-NX, we assume that the illite-NX used in
this study contains roughly 5% to 10% orthoclase. The feldspar sample used in our study consisted of 76%
microcline (K-feldspar) and 24% albite (Na feldspar, see also Table S1 in the supporting information).
For the immersion freezing experiments presented here, size-segregated particles were used. Both pure
and sulfuric acid coated particles were considered. The dry particle dispersion and the procedures for parti-
cle selection and coating closely follow those used during previous mineral dust related experiments with
LACIS [Niedermeier et al., 2010]. For dry generation of airborne dust particles, we used a fluidized bed gen-
erator (TSI 3400A, TSI Inc., St. Paul, Minnesota, USA). The sulfuric acid coatings were applied by means of a
vapor diffusion tube, heated to temperatures of 70◦C and 80◦C. Downstream of the vapor diffusion tubes,
the aerosol is passed over a water bath to increase the reactivity of the sulfuric acid with the particle sur-
face [Niedermeier et al., 2011]. Subsequent to charging the particles with a bipolar diffusion charger (Krypton
85), particles were size selected, adjusting for a mobility diameter of 300nm. Thereto, a Differential Mobil-
ity Analyzer (DMA) [Knutson and Whitby, 1975], type Vienna Medium was used. Care was taken to minimize
doubly charged particles by using a Micro-Orifice Uniform-Deposit Impactor (MOUDI, Model 100R, MSP
Corporation) and a cyclone prior to the bipolar diffusion charger. Together these two devices provide a cut
off diameter of 500nm. However, due to bounce off effects, a certain number of doubly charged particles
were still present and corrected for. This correction was based on the particle size distribution measured
downstream of the DMA by means of an Ultra-High Sensitivity Aerosol Spectrometer, Droplet Measure-
ment Technologies. A dilution system was used to adjust the particle number concentration. Subsequent
to dilution, the aerosol flow was split into three streams. One stream was fed into a Condensation Particle
Counter (TSI 3010) to measure the total particle number concentration. The other flow was fed into a Cloud
Condensation Nucleus counter (CCNc) [Roberts and Nenes, 2005], Droplet Measurement Technologies to
characterize the coating thickness (similarly done to, e.g., Sullivan et al. [2010]Wex et al. [2014]). The third
flow was provided to LACIS. In the inlet section of LACIS, the aerosol flow is combined isokinetically with
a humidified sheath air flow such that the aerosol forms a beam of approximately 2mm in diameter along
the center line of the flow tube. Supersaturated conditions were achieved by cooling the tube walls, and
resulted in activation of the particles to droplets, with each droplet containing one size-segregated parti-
cle. These droplets then froze due to further cooling. For detailed information about the operation mode of
LACIS see Hartmann et al. [2011].
At the outlet of LACIS, TOPS-Ice (thermally stabilized optical particles spectrometer) [Clauss et al., 2013]
was used to discriminate between frozen and unfrozen droplets and to quantify the frozen droplet
fraction (fice, number of frozen droplets divided by the total number of frozen and unfrozen droplets).
In the investigations presented here, fice was determined in the temperature range between −23
◦C
and −40◦C.
In this study, we also show results for ATD (Ultrafine Test Dust, Powder Technology Inc.) [Niedermeier et al.,
2011] and kaolinite (Fluka, Sigma Aldrich) [Wex et al., 2014], which were also investigated with the above
described measurement setup. The composition of these two materials is also given in Table S1 in the
supporting information. The Fluka kaolinite related data shown here are slightly different to that fromWex
et al. [2014], as here an additional multiple charge correction was applied to the data (see above). For the
ATD data from Niedermeier et al. [2011] no multiple charged particles were detected.
3. Results
3.1. Intercomparison of Different Mineral Dusts and Their K-Feldspar Content
Figure 2 shows the results of the immersion freezing experiments for illite-NX (black) and feldspar (red).
Additionally, data from previous LACIS studies concerning ATD (dark yellow) and Fluka kaolinite (blue) are
shown. Since measurement setup and procedure, as well as the particle sizes (300nm) were the same for all
of the considered data, a direct quantitative comparison of fice measured for the different materials is pos-
sible. Large differences can be seen in fice for the different minerals. For the feldspar sample we detected
ice already at approximately −23◦C, whereas ATD, Fluka kaolinite and illite-NX particles nucleated ice in a
detectable amount only at significantly lower temperatures (< −28◦C). When looking at the correspond-
ing K-feldspar contents of the different minerals one notices that the ice nucleation ability roughly scales
with the K-feldspar content of the samples. This is in line with the results from Atkinson et al. [2013] who
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Figure 2. Measured ice fractions of feldspar (red) and
illite-NX (black) as a function of temperature. Additionally,
data from ATD (dark yellow) and Fluka kaolinite (blue) are
shown. (a) Uncoated particles and (b) particles coated with
sulfuric acid (circles: coating at 70◦C; squares: coating at
80◦C). Error bars are the standard deviation of the exper-
iments and were obtained for temperatures with at least
three measurements. For temperatures with fewer than
three measurements, Poisson uncertainties are given. The
gray line in both panels represents a fit curve through all
the coated minerals (except the feldspar coated at 70◦C)
following the fit equation fice = 3E − 11 ⋅ e
−0.563⋅T .
suggested that the K-feldspar content controls the
freezing behavior of mineral dust particles. We will
come back to this later in this chapter.
For the feldspar particles, fice reaches a plateau
value of about 0.8 in the temperature range
between −31◦C and −38◦C. Larger fice values are
only observed at T < −39◦C, i.e., at the tem-
perature where homogeneous ice nucleation is
the dominating ice nucleation mechanism. If we
now assume that ice nucleation is induced at spe-
cific locations on the particle surface which are
favorable for ice formation, i.e., at ice nucleation
active (INA) sites, fice featuring a plateau with val-
ues below 1 implies that not all of the immersed
300nm feldspar particles contained one or more
of these INA sites [Hartmann et al., 2013]. Apply-
ing a Poisson distribution to the INA sites over the
particle population, we can determine an average
number of INA sites per particle [Hartmann et al.,
2013]. For the 300nm sized particles investigated
here, this average number was found to be 1.8.
In Figure 3 we show the surface site densities
(ns) resulting from our measurements. ns is often
used to compare data from different studies. How-
ever, it should be mentioned that ns depends
on the actual particle surface area used for its
determination, and neglects the time depen-
dence of the freezing process [Murray et al., 2012,
and references therein]. For the data discussed
here, determination of the particle surface area
(mobility diameter was used) and nucleation time
(approximately 1.6 s) were identical, so usage
of ns is straight forward and convenient. How-
ever, comparison of different experiments is more challenging as described in the supporting information.
There we show that if particle surface area and ice nucleation time-related issues are treated correctly, our
data and those of Atkinson et al. [2013] and Broadley et al. [2012] are in good agreement. In the supporting
information we show equations for ns, as well as for the nucleation rate coefficient jhet.
In the following we compare ns values for the investigated mineral dust particles in relation to their
K-feldspar contents. For that, best fit functions were calculated for the ns values of illite-NX and feldspar in
the temperature range where ns shows a logarithmically linear increase with temperature. We are only using
the respective data, because outside of the linear range, measurements are affected by droplet depletion
(low temperatures, high ns) and the lower fice detection limit (high temperatures, low ns). The best fit func-
tions are shown as black and red lines in Figure 3, respectively (the fit equations are given in the caption
of Figure 3).
All the minerals investigated here contain certain amounts of K-feldspar, i.e., 76%, 20%, 5–10%, and 5%
by mass for our feldspar sample, ATD, illite-NX and kaolinite, respectively. As already mentioned, Atkinson
et al. [2013] suggested that the K-feldspar component controls the ice nucleation ability of mineral dusts.
Consequently, assuming that the ns of the different samples scale with the mass fraction of K-feldspar seems
a reasonable assumption. Under this assumption, the ns for illite-NX should be roughly a factor of 10 lower
(dotted red line in Figure 3) than that for our feldspar. Comparing the measured ns-values of illite-NX (black
symbols) to the scaled ns fit (dotted red line) it becomes obvious, that scaling by a factor of 1∕10 does not
reproduce the measured ns values at all. In fact, a reduction by a factor of roughly 1000 (dashed red line) is
required to achieve somewhat comparable values. We did the same comparison between feldspar and ATD,
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Figure 3. ns values for the feldspar sample (red) and illite-NX (black) as a
function of temperature. The straight lines are exponential fits to our data
(ns = 0.0155 ⋅ e
−0.824⋅T for feldspar and ns = 37.066 ⋅ e
−0.353⋅T for illite-NX).
The dotted, the dash-dotted and the dashed red lines represent the ns fits
of feldspar lowered by a factor of 10, 100 and 1000, respectively. The gray
shaded area shows the ns-fit of illite-NX increased by a factor of 2 to 4.
The black dashed line is the ns of illite-NX increased by a factor of 3, which
corresponds to a K-feldspar mass fraction of 8%, as given in Atkinson et al.
[2013]. The gray line represents the baseline which we assume to represent
clay minerals, without any K-feldspar. The fit equation of the gray line is
ns = 0.0029 ⋅ e
−0.606⋅T .
where the K-feldspar mass fraction
in the feldspar sample is a factor of
4 above that in ATD. Instead, a factor
of 100 is needed. From this we con-
clude that the differences in ns cannot
be explained by the different mass
fractions of K-feldspar in the samples
only. Furthermore, the dependence
of ns on temperature is different for
the investigated minerals, which is
indicative for the ice active sites not
being identical with respect to their
ice nucleation related properties (i.e.,
contact angle).
One could speculate that the
observed behavior is due to the
difference in the surface and bulk
composition of the investigated par-
ticles. In other words the K-feldspar is
not accessible at the surface, e.g., due
to weathering. However, the differ-
ent temperature dependencies and
the fact that the illite-NX particles are
the product of a purely mechanical
deagglomeration process, make this
explanation very unlikely.
As mentioned above, the K-feldspar contained in illite-NX and in ATD is likely orthoclase, while our feldspar
sample contained mainly microcline. Indeed for ATD and illite-NX, ns scales reasonably well with the mass
fraction of orthoclase (20% and 5 to 10%, respectively). An increase of the ns fit of illite-NX by a factor of 2 to
4 represents the ATD data quite well (gray shaded area in Figure 3). For Fluka kaolinite, it was not possible to
identify if it is microcline or orthoclase which is present in the sample. Hence, we were not able to perform a
similar comparison with Fluka kaolinite data.
In summary, the above described results suggest that among the K-feldspar group, the end-member micro-
cline features a better ice nucleation activity than orthoclase. Indeed, already Zimmermann et al. [2008]
found that microcline was the most ice active mineral dust in deposition ice nucleation, compared to, e.g.,
illite, kaolinite but also to albite (Na feldspar). So when trying to quantify heterogeneous ice nucleation
induced by mineral dust, it is not only important to know the amount of K-feldspar, but it may also be
essential to know which K-feldspar is actually present.
It is worth mentioning that both microcline and orthoclase feature the same molecular formula (KAlSi3O8)
but are different with respect to their crystal structure symmetry. While microcline has a triclinic symmetry,
orthoclase is monoclinic (see Figure 1). Hence, this difference in crystal structure symmetry might be the
reason for the different ice nucleation abilities of the two K-feldspars. Nevertheless, it should be mentioned
explicitly that a good ice nucleation ability is not necessarily connected to a triclinic crystal system, as, e.g.,
all Na feldspars and Ca feldspars are clearly less ice active than microcline [see Atkinson et al., 2013]. It might
be a combination of the crystal structure symmetry together with the present type of cation and the length
of the different crystal axis which determine the ice nucleation activity of a mineral.
3.2. Effect of Sulfuric Acid Coating on the Ice Nucleation Ability of Mineral Dusts
We coated the mineral dust particles with sulfuric acid and explored whether and how chemical reactions
between the acid and the particle material may change the ice nucleation ability of the mineral dusts.
Droplet activation measurements with a CCNc were used to determine the thickness of the sulfuric acid
coating on the particles. For coating temperatures of 70◦C and 80◦C, we found mean values of 3 and 15 nm
effective coating thickness, respectively, independent of the mineral dust. In Figure S2 in the supporting
information, an electron microscope picture of the feldspar particles coated at 80◦C is shown as an example.
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A sulfuric acid halo can be seen around the particles, indicating that the particles were completely coated. It
should be noted that the droplets which are activated in LACIS grow to sizes of 3 μm and above, so that the
coatings will form very dilute solutions around the insoluble dust particles (we calculated a water activity
aw of 0.9998 and 0.9994 for coatings done at 70
◦C and 80◦C, respectively). Therefore, even in the case of the
coated particles, a freezing point depression due to the dissolved sulfuric acid can be neglected.
In Figure 2 (bottom), the results of the immersion freezing experiments with the coated illite-NX and
feldspar particles are shown as open symbols. Additionally, data for coated ATD and Fluka kaolinite are
given. These particles were coated using the same method as presented here [Niedermeier et al., 2010;Wex
et al., 2014]. Upon coating, all minerals showed a reduced ice nucleation ability compared to the uncoated
particles. However, the decrease is strongest for the feldspar particles.
In the past it was found that the reduction in fice for coated ATD particles did not increase when the coat-
ing temperature was increased from 70◦C to 85◦C [Reitz et al., 2011]. For our feldspar sample we observed
a further smaller reduction in the ice nucleation ability when increasing the coating temperature from
70◦C (open circles) to 80◦C (open squares, Figure 2). It is likely that more sulfuric acid is required in order to
destroy all the ice activity related to feldspar than for the other mineral dusts we present here. We assume
that all ice activity related to feldspar were suppressed at 80◦C, as the remaining ice activity became similar
to that of the other coated mineral dusts.
It is well known that K-feldspar is converted to illite or kaolinite by weathering in nature, or, more gener-
ally, that weathering feldspars form clay minerals [Meunier, 2005; Blum, 1994; Zhu et al., 2006]. During this
process, which is called hydrolysis, K, Na, and Ca are released. Indeed, first results from X-ray photoelectron
spectroscopy measurements (AXIS ULTRA, KRATOS Analytical Ltd., Manchester, UK, X-ray: monochromatic
Al K 15 kV/10 mA), where we compared pure untreated feldspar with sulfuric acid treated feldspar showed
that especially the amount of K is reduced after the treatment (Table S3). We assume that this leads to a
change in the lattice structure, which may be the reason for the strong reduction in ice nucleation ability
of K-feldspar.
For the ATD particles shown here (dark yellow symbols), Niedermeier et al. [2011] hypothesized that the clear
decrease in the ice nucleation ability after coating ATD particles with sulfuric acid originated from aluminum
silicates which were transformed to non ice active metal sulfates. In view of the results of the present study,
an alternative interpretation would be that the K-feldspar (about 20 % orthoclase) contained in the ATD was
affected. Similar conclusions could be made based on the Fluka kaolinite data.Wex et al. [2014] reported
that particles from the Fluka kaolinite sample (blue symbols in Figure 2) which contained K-feldspar showed
a reduced IN ability after coating with sulfuric acid, while another kaolinite sample which did not contain
any feldspar (KGa-1b from the Clay Minerals Society), featured a low IN ability to begin with which was not
affected by the coating. Our illite-NX data allow for the same conclusion. The orthoclase present in the
illite-NX sample may have been chemically altered, which then leads to the slightly lowered ice nucleation
ability of illite-NX.
Finally, when looking at the fully coated particles, it becomes obvious that all dusts fall together on a single
line (gray curve in Figures 2a, 2b, and Figure 3, fit equations are given in the captions of both figures). This
line may represent the ice nucleation ability of the “pure” clay minerals, i.e., the clay minerals without the
feldspar. This implies that the ice nucleation behavior of the clay mineral proxies investigated is very similar
and can be described/parameterized by a single fit equation. Nevertheless, it should be remembered, that
the herein given ns values were determined for geometric surface areas, i.e., based on mobility diameters
and that the fit equation is only valid for LACIS nucleation times (1.6 s) and temperatures. In the supporting
information, the influence of the ice residence time is examined in more detail.
4. Summary
In the present study the immersion freezing behavior of size-segregated illite-NX and feldspar particles was
investigated as a function of temperature for both uncoated particles and particles coated with sulfuric
acid. The measurements were carried out with LACIS, considering single, size-selected particles, immersed
in highly diluted droplets. For illite-NX particles, freezing was observed in the temperature range below
−30◦C, implying that illite-NX has similar IN activity as the mineral dust particles previously examined with
LACIS (ATD [Niedermeier et al., 2011] and kaolinite [Wex et al., 2014]). The feldspar particles, consisting mainly
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of microcline, showed the best ice nucleation activity ever observed at LACIS for a mineral dust, with the
initiation of freezing already at temperatures as high as −23◦C.
When comparing the different dust samples it became obvious that the more K-feldspar is contained in the
sample, the higher is the freezing ability. This is similar to what was found inWex et al. [2014] for kaolinite
and corroborates the findings of Atkinson et al. [2013], who suggested that the K-feldspar is responsible for
the high ice nucleation ability of some mineral dusts. Furthermore, a comparison of the composition of ATD,
illite-NX and feldspar led us to the hypothesis that within the K-feldspars, microcline is more ice nucleation
active than orthoclase. Microcline and orthoclase differ only by their lattice structure, this could be inter-
preted as a hint that at least for K-feldspars the lattice structure influences the ice nucleation ability. This
implies that when trying to quantify heterogeneous ice nucleation induced by mineral dust, it is not only
important to know the amount of K-feldspar, it may also be necessary to know which K-feldspar is present in
the sample.
Furthermore, we investigate how coating with sulfuric acid affects the ice nucleation ability of mineral dusts.
For feldspar particles, we found a strong reduction of their ice nucleation ability. When considering sulfuric
acid coated illite-NX (this study), Fluka kaolinite [Wex et al., 2014] and ATD [Niedermeier et al., 2011] particles,
we found the decrease in ice nucleation ability of the respective mineral to be related to the K-feldspar con-
tent. This further corroborates that the ice nucleation behavior of mineral dusts may be controlled by the
amount of K-feldspar being present. We also found that after coating with sufficient amounts of sulfuric acid,
all investigated mineral dusts feature a similar ice nucleation ability. We hypothesize that the “remaining” ice
nucleation ability is that of pure, feldspar free clay minerals, and that the ice nucleation ability is similar to all
clay minerals.
What exactly is destroyed on the surface of the feldspar particles by the sulfuric acid coating could not be
clarified completely within this study. It is also unclear if the sulfuric acid affected only the surface of the
individual particles, or if the bulk chemical properties were altered. Further chemical and/or mineralogical
analyses are necessary to clarify this completely. This could be key to answering the question: “What makes
a particle an effective ice nucleating particle?”.
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S1. Comparing our data with former investigations
In the following we present a comparison between our illite-NX and feldspar data and4
data published in Broadley et al. [2012] and Atkinson et al. [2013]. To begin with, we5
would like to introduce some equations which are often used for the parameterization of6
ice nucleation behavior.7
S1.1. Surface site density and nucleation rate coefficient
The ice active surface site density ns quantifies ice nucleation behavior in terms of num-
ber of ice nucleating sites per unit particle surface area. It neglects the time dependence
of the freezing process (Murray et al. [2012] and references therein). For calculating ns
from our experimentally derived ice fractions (fice), we used the following equation which
has been described previously (e.g. Niedermeier et al. [2010], Murray et al. [2012]).
fice(T ) = 1− exp(−ns(T ) · S) (1)
Here, S symbolizes the surface area of the ice nucleating particle (INP).8
When ice nucleation time should be considered, the ice nucleation rate coefficient (jhet)
is a suitable means for parameterization. In this study a simple stochastic equation is used,
which is valid for time independent nucleation rate coefficients and constant nucleation
times (t) [Murray et al., 2011]:
fice(T ) = 1− exp(−jhet(T ) · S · t) (2)
If a cooling rate (γ = ∆T/∆t) is considered, Eq. (2) transforms to [Diehl et al., 2014]:9
D R A F T September 5, 2014, 4:31pm D R A F T
AUGUSTIN-BAUDITZ ET AL.: SUPPLEMENTARY INFORMATIONS X - 3
∆fice(T ) = 1− exp(−jhet(T ) · S · ∆T
γ
) (3)
Here, ∆fice(T ) is the change in the ice fraction within the temperature interval ∆T .10
S1.2. Comparison
For comparing the results of our investigations to earlier studies we considered data11
from Broadley et al. [2012] for illite-NX (Bro2012) and Atkinson et al. [2013] for feldspar12
(Atk2013). The illite-NX from Bro2012 originated from the same company as the illite-NX13
used in this study (Arginotec). Nevertheless, there are slight differences in the composi-14
tion, e.g. Bro2012 found 61% illite in their sample, while our sample contained 69% of15
illite (see Table S1). The feldspar sample used in our study consisted of 76% microcline16
(K-feldspar) and 24% albite (Na-feldspar, see also Table S1). This is comparable but still17
slightly different from the Atk2013 sample. The K-feldspar in their sample contained 80%18
microcline and only 16% of Na/Ca-feldspar. Additionally the sample used in Atk201319
comprised some amount of quartz (4%) . The calculated ns values from our data are20
shown in the upper panel of Fig. S1 (feldspar in red, illite-NX in black). The blue lines21
are fit curves to our data in the temperature range, where ns features a logarithmically22
linear increase with temperature (the fit parameters can be found in Table S3). The23
dotted lines are the ns-fits for feldspar (red) and illite-NX (black), given in Atk2013 and24
Bro2012, respectively. First, it can be seen, that there is good agreement in the slopes of25
ns between our measurements and the parameterizations of Bro2012 and Atk2013. How-26
ever the positions of the curves differ. Concerning illite-NX, ns taken from Bro2012 is27
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slightly smaller, while the ns for the K-feldspar from Atk2013shows slightly larger values28
compared to our data. For calculating ns, the determination of the surface area is of cru-29
cial importance. Both, Bro2012 and Atk2013, used surface area derived from BET (N230
adsorption, SBET). For LACIS data, we calculate the surface area based on the mobility31
diameters assuming particles to be spherical (Sgeo). The correlation between the derived32
ns,geo and ns,BET values can be described as follows [Hiranuma et al., 2014a]:33
ns,geo(T ) = ns,BET(T ) · SBET
Sgeo
(4)
In Atkinson et al. [2013] it was stated that for feldspar, SBET is assumed to be less34
than a factor of 3.5 above Sgeo. We accounted for that factor of 3.5 in the ns data of35
Atk2013, which results in the straight red line in Fig. S1. For illite-NX which consists36
mainly of illite, a clay mineral, the factor between SBET and Sgeo is much higher. Clay37
minerals consist of individual grains and can form aggregates [Broadley et al., 2012].38
So the effective surface area is increased compared to an equivalent compact sphere of39
identical volume. Bro2012 determined the surface area from illite-NX via BET to be40
104.2 m2/g. In the past, analysis on illite-NX samples yielded somewhat different results41
(compare e.g. the mineralogical composition given on the illite-NX data-sheet provided42
by the company and data in Bro2012). In case this was due to changes in the product43
from batch to batch, it would be good to have data on the particle size distribution of44
the illite-NX used in Bro2012. This is, however, not available. But within INUIT, size45
distribution measurements were done for the illite-NX sample which we examined in the46
present study. Different measurements yielded different values for the maximum of the47
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surface area distribution, ranging from 320 nm to 620 nm and 4750 nm [Hiranuma et al.,48
2014b]. For a 620 nm particle we would derive a geometrical surface area of 1.21 ·10−8cm2,49
while with BET, Bro2012 derived a surface area of 3.51 · 10−7cm2 (based on values for50
the density and specific surface area given in Bro2012), i.e. a value which is a factor of 2951
larger than the one we obtained. Considering this factor when converting from ns,BET to52
ns,geo using Eq. (4), the Bro2012 data is shifted to higher temperatures (solid black line53
in Fig. S1). The gray shaded area in Fig. S1 represents the ns uncertainty resulting from54
the different values given for the maximum of the surface area distribution. In summary,55
considering Sgeo for all shown data, ns from LACIS is always below data from Atk201356
and Bro2012. The deviations are slightly above one order of magnitude in ns, or 3 K to57
5 K in temperature.58
Besides the different methods for determining the surface area of the particles, also59
the different ice nucleation times might have to be considered when comparing different60
measurement procedures [Wex et al., 2014]. It should be mentioned that LACIS features61
shorter nucleation times (1.6 s) compared to the cold stage experiments. The cooling rates62
used in Atk2013 and Bro2012 were 1K/min and 5K/min. The fit-curve from Bro2012 to63
which we compare our data here was based mostly on data with the above mentioned64
cooling rate of 5 K/min. In the lower panel of Fig. S1 the heterogeneous ice nucleation65
rate coefficients (jhet) for our data (illite-NX in gray and feldspar in orange) are shown.66
Again, the blue lines describe the fit-functions to our data (parameters can be found67
in Table S3). We also calculated jhet for the data of Bro2012 (gray line) and Atk201368
(orange line). Additionally, as described above, Sgeo was applied to the data instead69
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of SBET. It can be seen that the data of Atk2013 and Bro2012 are in good agreement70
with our experiments. It should be also mentioned that Atk2013 only measured down71
to a temperature of −25◦C. Therefore, their curve is only shown as dashed line at lower72
temperatures.73
In summary, our results show that when comparing ice active surface site densities from74
different experiments, it is important to use consistently defined particle surface areas,75
and to correctly account for the actual ice nucleation times.76
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Table S1. Results of the XRD analysis for the different mineral dusts in %. For illite-NX and
the feldspar sample new analysis were done (the uncertainty of these measurements are +/-5%).
For ATD (Arizona Test Dust) and Kaolinite data was obtained from the supplement of Atkinson
et al. [2013]. For ATD about 25% of the composition is undefined.
illite/muscovit kaolinite quarz alkalifeldspar calcite
illite-NX 69 10 3 14∗ 3
feldspar 0 0 0 100 0
(74% microcline, 24% albite)
ATD 7.5 2.0 17.1 32.7 4.3
(20.3% orthoclase, 12.4% plagioclase)
Kaolinite 5.4 82.7 5.9 4.9∗∗ 0.3
Fluka
∗our analysis revealed that the feldspar in illite-NX most likely is orthoclase (K-feldspar) and sanidine (K,Na-feldspar), but not
microcline (K-feldspar), while Atkinson et al. [2013] found an overall K-feldspar content of 8% which, combining these results,
should be orthoclase.
∗∗ the feldspar included in Fluka kaolinite could be orthoclase or microcline but could not be identified exactly.
Table S2. Parameters for the fit equations for ns and jhet derived for illite-NX and feldspar
within this study. For both parameters the fit equation has the form: A · eB·T .
ns [cm
−2] jhet [cm
−2s−1]
illite-NX A= 37.066 m−2 A= 31564 m−2s−1
B= -0.353 s−1 B= -0.411 s−1
feldspar A= 0.0155 m−2 A= 72.084 m−2s−1
B= -0.824 s−1 B= -0.824 s−1
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Figure S1. A: Calculated ns values for the feldspar sample (red) and illite-NX (black) as a
function of temperature. The dotted red line is the ns fit of K-feldspar originating from Atkinson
et al. [2013]. The black dotted line is the ns fit for illite-NX from Broadley et al. [2012]. Based
on the difference in surface area determination we scaled the ns fit functions from Atkinson et al.
[2013] and Broadley et al. [2012] by a factor of 3.5 and 29, respectively. The gray shaded area
represents the ns uncertainty resulting from the different values given for the maximum of the
surface area distribution. Details can be found in the text. B: Calculated jhet values for the
feldspar sample (orange) and illite-NX (gray) as a function of temperature. The lines represent
the data of Atkinson et al. [2013] for K-feldspar (orange, cooling rate 1 k/min) and Broadley
et al. [2012] for illite-NX (gray, cooling rate 5K/min). The blue lines are fits through our data,
parameters are given in Table S3
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Figure S2. Electron microscope picture of sulfuric acid coated K-feldspar particles. Around
the particles, thin sulfuric acid halos can be seen (for better visibility please look at the online
version).
Table S3. Results of the first XPS measurments with untreated and H2SO4 treated feldspar
particles. The last line represents the relative change for the individual components which is
calculated by dividing the value of the H2SO4 treated feldspar by the value of the untreated
feldspar
Na (%) O (%) K (%) C (%) S (%) Si (%) Al (%)
untreated feldspar 1.13 54.16 5.93 9 22.5 7.23
0.1% H2SO4 0.63 55.9 3.23 11.5 6.17 18.33 4.23
relative change 0.56 1.032 0.54 1.28 0.81 0.59
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CHAPTER 3. RESULTS
3.3 Third publication
3.3.1 Laboratory-generated mixtures of mineral dust particles with bi-
ological substances: characterization of the particle mixing state
and immersion freezing behavior
The content of this chapter has already been published in the manuscript "Laboratory-generated
mixtures of mineral dust particles with biological substances: characterization of the par-
ticle mixing state and immersion freezing behavior" by Stefanie Augustin-Bauditz, Heike
Wex, Cyrielle Denjean, Susan Hartmann, Johannes Schneider, Susann Schmidt, Martin Ebert
and Frank Stratmann in the journal "Atmospheric Chemistry and Physics", 16, 5531-5543,
doi:10.5194/acp-16-5531-2016, 2016.
Reprinted with permission by the authors from Atmospheric Chemistry and Physics 2016,
doi:10.5194/acp-16-5531-2016.
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Abstract. Biological particles such as bacteria, fungal spores
or pollen are known to be efficient ice nucleating particles.
Their ability to nucleate ice is due to ice nucleation active
macromolecules (INMs). It has been suggested that these
INMs maintain their nucleating ability even when they are
separated from their original carriers. This opens the possi-
bility of an accumulation of such INMs in soils, resulting
in an internal mixture of mineral dust and INMs. If parti-
cles from such soils which contain biological INMs are then
dispersed into the atmosphere due to wind erosion or agri-
cultural processes, they could induce ice nucleation at tem-
peratures typical for biological substances, i.e., above −20
up to almost 0 ◦C, while they might be characterized as min-
eral dust particles due to a possibly low content of biological
material.
We conducted a study within the research unit INUIT
(Ice Nucleation research UnIT), where we investigated the
ice nucleation behavior of mineral dust particles internally
mixed with INM. Specifically, we mixed a pure mineral dust
sample (illite-NX) with ice active biological material (birch
pollen washing water) and quantified the immersion freez-
ing behavior of the resulting particles utilizing the Leipzig
Aerosol Cloud Interaction Simulator (LACIS). A very im-
portant topic concerning the investigations presented here
as well as for atmospheric application is the characteriza-
tion of the mixing state of aerosol particles. In the present
study we used different methods like single-particle aerosol
mass spectrometry, Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray analysis (EDX), and a Volatility–
Hygroscopicity Tandem Differential Mobility Analyser (VH-
TDMA) to investigate the mixing state of our generated
aerosol. Not all applied methods performed similarly well in
detecting small amounts of biological material on the mineral
dust particles. Measuring the hygroscopicity/volatility of the
mixed particles with the VH-TDMA was the most sensitive
method. We found that internally mixed particles, containing
ice active biological material, follow the ice nucleation be-
havior observed for the pure biological particles. We verified
this by modeling the freezing behavior of the mixed particles
with the Soccerball model (SBM). It can be concluded that a
single INM located on a mineral dust particle determines the
freezing behavior of that particle with the result that freezing
occurs at temperatures at which pure mineral dust particles
are not yet ice active.
1 Introduction
In the last years a lot of effort has been made to character-
ize the freezing ability of different aerosol particles, which
were thought to be ice nucleating active. Especially min-
eral dust particles were investigated quite intensively, as they
Published by Copernicus Publications on behalf of the European Geosciences Union.
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were found in ice crystal residues most frequently (Kumai,
1961; DeMott et al., 2003; Pratt et al., 2009). Laboratory
measurements indicate that mineral dust particles are effi-
cient ice nucleating particles in a temperature range below
−15 ◦C (Murray et al., 2012) or probably only below−20 ◦C
(Augustin-Bauditz et al., 2014), where the latter examined
droplets in which each contained a single particle of atmo-
spherically relevant sizes. In contrast, atmospheric obser-
vations with lidar and radar showed that ice particles also
formed at higher temperatures (Seifert et al., 2010; Kanitz
et al., 2011; Bühl et al., 2013). It has been assumed in the
past that the presence of biological particles like bacteria,
fungal spores or pollen is necessary to explain ice nucleation
at higher temperatures, as these particles show ice nucle-
ation ability up to temperatures of −2 ◦C (Maki et al., 1974;
Morris et al., 2008). Szyrmer and Zawadzki (1997) and later
Murray et al. (2012) gave detailed overviews over different
types of INP and denominate biological materials as those
being ice active at higher temperatures above about −15 ◦C.
Only recently it became known that biological particles carry
small ice nucleating macromolecules (INMs) which are re-
sponsible for their freezing ability. These INMs could be
e.g., proteins in the case of bacteria (Wolber et al., 1986),
fungal spores (Fröhlich-Nowoisky et al., 2015) and mate-
rial originating from algae contained in the sea surface mi-
crolayer (Wilson et al., 2015) or polysaccharides in case of
pollen (Pummer et al., 2012). Furthermore, several studies
showed that an INM is still ice active when the original car-
rier is detached or in the case of bacteria non viable (Kle-
ber et al., 2007; Pummer et al., 2012, 2015; Hartmann et al.,
2013; Augustin et al., 2013; Fröhlich-Nowoisky et al., 2015).
So it is very likely that these INMs are accumulated in the
ground, where they come in contact with mineral dust par-
ticles. Schnell and Vali (1976) suggested that mineral dust
particles may act as inert carriers for biological particles.
Pratt et al. (2009) investigated 46 atmospheric cloud ice crys-
tal residues with ATOFMS (Aerosol Time-Of-Flight Mass
Spectrometer) and found that 60 % of the dust particles were
likely a mixture of biological material and mineral dust. Also
Michaud et al. (2014), investigating the residual particles in
hail stones, found biological material to be attached to the
surface of mineral dust particles. In that context, Kleber et al.
(2007) describe that soil organic matter sorbs on mineral sur-
faces, preserving and maybe even accumulating INMs when
being connected to mineral surfaces. Therefore, there is some
indication that the ascription of mineral dust to the atmo-
spheric ice nucleating particles (INP) is, at least to a certain
extent, due to unnoticed attached ice nucleating biological
material (Conen et al., 2011). The question arises how the
freezing ability of a mineral dust particle changes when there
is some biological material attached to its surface. There are
already some laboratory studies which confirm the enhanced
freezing ability of soil dust due to the presence of biological
material (Conen et al., 2011; O’Sullivan et al., 2014; Tobo
et al., 2014). However, the temperature ranges in which the
organic fraction of the examined soil dusts was reported to be
responsible for the ice activity differed between the studies,
extending down to only −15 ◦C for O’Sullivan et al. (2014)
(where ice activation observed at lower temperatures was as-
cribed to mineral dust), but down to even below −30 ◦C for
Tobo et al. (2014).
Soil dust is a very inhomogeneous substance and it is very
difficult to characterize which of its constituents is respon-
sible for the freezing initiation, particularly as INMs were
found to be on the size of a few 10 nm only (Pummer et al.,
2012; Fröhlich-Nowoisky et al., 2015). Also, to quantify the
freezing ability of an internal mixture of mineral dust and bi-
ological material it is advantageous to know the freezing abil-
ity of the individual materials. For this reason in the present
study we mixed a well-characterized mineral dust (illite-NX,
Hiranuma et al., 2015; Augustin-Bauditz et al., 2014) with
well-characterized biological material (birch pollen wash-
ing water, Pummer et al., 2012; Augustin et al., 2013) and
investigated the immersion freezing ability of the resulting
mixed particles, utilizing the Leipzig Aerosol Cloud Interac-
tion Simulator (LACIS). The knowledge of the mixing state
of the produced particles is essential for the understanding
of the observed freezing abilities. Thus, we applied several
methods for characterizing the mixing state of the generated
aerosol: single-particle aerosol mass spectrometry, Scanning
Electron Microscopy (SEM), Energy Dispersive X-ray anal-
ysis (EDX), and a Volatility–Hygroscopicity Tandem Differ-
ential Mobility Analyser (VH-TDMA). These methods each
use a different approach to characterize the particle mix-
ing state and can therefore be regarded as complementary.
One aspect of this study is to compare these characteriza-
tion methods and to assess their ability to identify the mixing
state of a laboratory-generated aerosol. Another important is-
sue is the adequate interpretation of the freezing behavior of
the mixed particles. For this purpose the Soccerball model
(SBM, Niedermeier et al., 2015) is used. In the following
chapters the basics of the SBM, the preparation of the mix-
ture as well as the particle generation will be explained. The
applied methods for characterizing the mixing state of the
generated aerosol are also described, together with the mea-
surement set-up used for the ice nucleation measurements.
Afterwards the results are presented and discussed.
2 Basics of the Soccerball model
With the help of the SBM it is possible to describe and pa-
rameterize the freezing behavior of different materials. In
general it is assumed that freezing is induced by single ice
nucleating entities. These entities can be e.g., special sites
on the surface of a particle (as it is assumed for mineral
dust particles) or, in the case of biological material, single
INMs. In any case, the ice nucleating entity has a defined
two-dimensional surface area ssite. A specific contact angle
θ is assigned to each ice nucleating entity which determines
Atmos. Chem. Phys., 16, 5531–5543, 2016 www.atmos-chem-phys.net/16/5531/2016/
S. Augustin-Bauditz et al.: Characterization and immersion freezing behavior of dust bio mixtures 5533
the ice nucleation ability of this particular entity in terms of
a nucleation rate coefficient jhet based on classical nucleation
theory (Zobrist et al., 2007). The overall contact angle distri-
bution is described by a Gaussian probability density func-
tion with a mean value µθ and a standard deviation σθ , with
each contact angle θ occurring with a probability of p(θ).
p(θ)= 1√
2πσθ
exp
(
− (θ −µθ )
2
2σ 2θ
)
(1)
The probability Punfr of a droplet (which contains an ice nu-
cleating entity) to be unfrozen at a certain temperature T and
a certain time t is defined as
Punfr(T ,µθ ,σθ , t)=
π∫
0
pθ exp(−jhet(T ,θ)ssitet)dθ
+
0∫
−∞
pθ exp(−jhet(T ,θ = 0)ssitet)dθ
+
∞∫
π
pθ exp(−jhet(T ,θ = π)ssitet)dθ. (2)
As a next step, we consider a population of droplets, with
each droplet containing a single particle and all particles hav-
ing the same size. Naturally, the ice nucleating entities are
Poisson distributed over the particle population. This means
that each particle contains one, multiple or even none ice nu-
cleating entities. Thus the average number of ice nucleating
entities per particle is defined by the expected value of the
Poisson distribution λ (Hartmann et al., 2013). The ice nu-
cleating probability of each entity is determined by the con-
tact angle distribution. With this, the probability Punfr,λ for
droplets to remain unfrozen is given by
Punfr,λ(T ,µθ ,σθ ,λ, t)= exp
(
− λ(1−Punfr(T ,µθ ,σθ , t))). (3)
Note that Punfr,λ 6= Punfr. While Punfr is only valid for
droplets which contain an ice nucleating entity, Punfr,λ is
valid for the whole droplet population i.e. also for those
droplets which do not contain an ice nucleating entity. The
ice fraction, which is identical to the freezing probability
Pfr,λ follows with
fice(T ,µθ ,σθ ,λ, t)= 1−Punfr,λ. (4)
Equation (4) represents the combination of the original SBM
from Niedermeier et al. (2014) and the CHESS model from
Hartmann et al. (2013) and was derived in detail in Nieder-
meier et al. (2015). The average number of ice nucleating
entities λ is a material and size depending parameter and its
determination is dependent on the freezing behavior of the
investigated material.
3 Methods
3.1 Materials
To produce particles consisting of both dust and biological
material, first a suspension containing both materials was
prepared. For the experiments presented here illite-NX was
chosen as the dust component, as this product has been used
as a proxy for the natural dust composition found in the at-
mosphere (Hiranuma et al., 2015, and references therein).
Furthermore, the freezing ability of pure illite-NX particles
was already investigated with LACIS in a previous study
(Augustin-Bauditz et al., 2014). For the illite-NX suspen-
sions 10 g of illite-NX powder was suspended in 200 mL of
MilliQ water. After shaking the sample it was stored in the
refrigerator for about 24 h. During that time large and heavy
particles sedimented to the ground. An Eppendorf pipette
was used to sample 50 mL from the top part of the suspen-
sion. To determine the concentration of the illite-NX suspen-
sion, 10 mL of the pipetted suspension was dried in a petri
dish. A precision balance was used to first determine the
weight of the empty petri dish. After drying the suspension
the petri dish with the residues was weighted again. This pro-
cedure was repeated three times. The mean concentration of
the illite-NX suspension is about 0.01 gmL−1.
As biological component, washing water from Swedish
birch pollen (in the following BPWW) was used. The INM
responsible for the freezing ability of BPWW is most likely
a polysaccharide (Pummer et al., 2012). The immersion
freezing behavior of these INMs was already investigated
with LACIS and parameterizations are given in Augustin
et al. (2013). The production of the BPWW suspension was
done similar to that described in Augustin et al. (2013) but
with a lower concentration of 1 g of pollen grains in 80 mL
of MilliQ water. The birch pollen were mixed with the water
and the pollen grains were then removed by filtration (pore
size 4–7 µm) of the resulting suspension. After filtration the
concentration of the Swedish birch pollen material in the sus-
pension was determined with the same procedure that was
described for the illite-NX suspension above, and it was de-
termined to be about 0.004 gmL−1. Thus, after filtration we
have about one third of the original mass of pollen in the
washing water. This is the same order of magnitude than what
was observed by Pummer et al. (2012).
The illite-NX suspension was mixed with the BPWW us-
ing 10 mL of each of the suspensions, which resulted in
a dust-bio-mixture to which we refer to in the following
as illite–BPWW suspension. Concerning this illite–BPWW
suspension, one should be aware of the following facts:
a high percentage of the BPWW consists of soluble mate-
rial which is released when the pollen grains are suspended
in water. Thus the BPWW can be viewed as a suspension
of INMs (and other larger molecules) in a solution, rather
than just a suspension in water. In contrast to that, the dust
contains only a small amount of soluble material so its sus-
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pension consists mainly of solid particles and dilute water.
These facts are important for the resulting mixing state of the
internally mixed illite–BPWW particles and will be referred
to again in the next section.
3.2 Particle generation and characterization
In Fig. 1 the generation pathway, starting from a suspension
and ending with dry particles, is shown schematically. First
an atomizer (following the design of TSI 3075) was used to
generate droplets from the illite–BPWW suspension as well
as from the pure illite-NX and BPWW suspensions. As men-
tioned above, the BPWW contains a soluble fraction which
was distributed in the whole suspension, so it is reasonable to
assume that every droplet generated from the illite–BPWW
suspension contained at least some soluble biological ma-
terial, although not necessarily any INMs. Most but maybe
not all of these droplets also contained a mineral dust parti-
cle. After the atomization the droplets were dried by passing
them through a silica gel diffusion dryer. The dry particles
were passed through a diffusion charger (85 Kr) to achieve
a bipolar charge distribution and afterwards size-selected us-
ing a Differential Mobility Analyzer (DMA; Knutson and
Whitby, 1975; type “Vienna medium”). In the measurements
presented here a mobility diameter of 500 nm was selected.
Due to the use of a cyclone (cut off diameter: 500 nm) up-
stream of the DMA, the fraction of doubly charged parti-
cles contained in the aerosol is negligible: this was verified
through measurements of the optical particle size distribu-
tion done downstream of the DMA using an UHSAS (Ul-
tra High Sensitivity Aerosol Spectrometer, Droplet Measure-
ment Technologies). After size selection the aerosol stream
was split and one part was always fed into a Condensation
Particle Counter (CPC, TSI 3010) to measure the total par-
ticle number concentration. The remaining aerosol was then
available for particle characterization (e.g., sampling on fil-
ters) and for the Leipzig Aerosol Cloud Interaction Simulator
(LACIS). To understand the observed freezing abilities, the
knowledge about the mixing state of the generated particles
is essential. Considering the above mentioned composition of
the generated droplets, we assume that the resulting dry par-
ticles were most likely an internal mixture of illite-NX and
BPWW material. There might have been also some particles
consisting only of BPWW material but we expect no pure
illite-NX particles in the generated aerosol. To prove this hy-
pothesis several aerosol characterization methods were ap-
plied which will be introduced in the following.
Volatility-Hygroscopicity Tandem Differential Mobility
Analyser (VH-TDMA)
The volatility and hygroscopicity of particles from all three
suspensions, the two pure ones and the mixed one were used
to infer the particle mixing state. In contrast to mineral dust,
biological material is much more volatile and hygroscopic.
Atomizer D
ry
e
r
- Illite-NX particle
- BBiological material
Figure 1. Schematic of the particle generation method used in this
study.
Therefore, treatment with heat or humidity will change the
size of particles consisting of biological material but likely
will have a smaller effect on the mineral dust components.
Measurements were performed with a custom-built VH-
TDMA, which was composed of two DMAs and a CPC (TSI
3010) separated by a volatility (V-mode) and a humidity (H-
mode) conditioning device. A mobility diameter of 500 nm,
similar to that used for LACIS measurements, was selected
with the first DMA. Monodisperse particles were then con-
ditioned either in the thermodenuder section at 300 ◦C un-
der dry conditions (10 % RH) or in the humidity section at
90 % RH at room temperature (20 ◦C). The residence times
in the conditioning devices were approximately 2 and 4 s for
the V-mode and H-mode, respectively. The resulting particle
size distributions obtained after conditioning were measured
by the second DMA coupled to the CPC. The second DMA
and the humidity section were confined in a temperature-
controlled box at 20 ◦C. For the H-mode the sheath air
of the second DMA was humidified to 90 % RH. The
volatile “growth” factor VGF obtained from the V-mode is
defined as VGF=Dp(300 ◦C,10 % RH)/Dp(20 ◦C,10 % RH) where
Dp(300 ◦C,10 % RH) is the measured diameter after heat-
ing at 300 ◦C and Dp(20 ◦C,10 % RH) the selected dry mo-
bility diameter at ambient temperature. The hygroscopic
growth factor HGF using the H-mode is defined in a sim-
ilar way: HGF=Dp(20 ◦C,90 % RH)/Dp(20 ◦C,10 % RH) where
Dp(20 ◦C,90 % RH) is the measured diameter at 90 % RH. In this
work, the distribution of growth factors refers to the growth
factor probability density function (GF-PDF) and was fitted
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as a superposition of distinct Gaussian modes using the TD-
MAinv algorithm developed by Gysel et al. (2009). From
comparing VGF and HGF distributions obtained for the pure
and mixed particles, the fraction of internally mixed particles
in the aerosol generated from the illite–BPWW suspensions
can be derived.
Scanning Electron Microscope (SEM) and Energy
Dispersive X-ray analysis (EDX)
In cooperation with the Leibnitz institute of surface modifi-
cation in Leipzig (IOM) and the Technical University Darm-
stadt filter samples generated from the illite–BPWW suspen-
sion as well as from the pure illite-NX and BPWW sus-
pensions were imaged by SEM. Analysis at the IOM was
performed in a ULTRA 55, Carl Zeiss SMT, (Oberkochen,
Germany) and in Darmstadt in a FEI Quanta 200 FEG En-
vironmental Scanning Electron Microscope (Eindhoven, the
Netherlands).
By SEM we intended to examine visual differences be-
tween particles generated from the two pure substances and
from the illite–BPWW suspensions to get more information
about the exact mixing-state of the illite–BPWW aerosol, i.e.,
if the sample can be described as an external mixture of the
two components, as an agglomeration of the two components
or as an internal mixture. Additionally, at the Technical Uni-
versity Darmstadt the pure samples and the particles from the
illite–BPWW suspension were analyzed by EDX (Phoenix
EDAX, Tilburg, the Netherlands). With this technique the el-
emental composition of individual particles is determined. In
order to prevent an influence of the sampling substrate on
the chemical results (carbon signal from the filters) for these
analyses the particles were sampled on Boron substrates.
Single Particle Laser Ablation Time-of-flight mass
spectrometer (SPLAT)
Finally we also investigated the mixing state of the illite–
BPWW aerosol via single particle mass spectrometry. Here,
the instrument SPLAT (Kamphus et al., 2008) of the Max
Planck Institute for Chemistry, Mainz, was used. For these
experiments, particles were generated with the set-up de-
scribed above and then examined in the SPLAT immediately
after generation. This was done at first separately for an il-
lite suspension and for BPWW, and then for the mixed par-
ticles generated from the illite–BPWW suspension. In the
SPLAT, single particles are hit by a laser pulse which va-
porizes and ionizes the compounds of the particle. A bipolar
time-of-flight mass spectrometer is used to detect the ions.
The composition and thereby the mixing state of the individ-
ual particles can then be inferred from their mass spectra.
3.3 Freezing experiments
For the freezing experiments the laminar flow tube LACIS
was utilized. In the inlet section of LACIS, the aerosol flow
is combined isokinetically with a humidified sheath air flow
such that the aerosol forms a beam of approximately 2 mm
in diameter along the center line of the flow tube. Super-
saturated conditions are achieved by cooling the tube walls,
and result in activation of the particles to droplets, with
each droplet containing one size segregated particle. Further
downstream of the flow tube, these droplets then may freeze
due to further cooling. For detailed information on the oper-
ation mode of LACIS see Stratmann et al. (2004) and Hart-
mann et al. (2011).
At the outlet of LACIS, TOPS-Ice (thermally stabilized
optical particle spectrometer, Clauss et al., 2013) is used to
discriminate between frozen and unfrozen droplets, and to
quantify the fraction of frozen droplet (fice, number of frozen
droplets divided by the total number of frozen and unfrozen
droplets). In the investigations presented here, fice was deter-
mined in the temperature range between∼ −17 and−40 ◦C.
4 Measurement results
In the following we will first describe the results concerning
the determination of the mixing state of the generated aerosol
(Sect. 4.1). Afterwards, the results of the immersion freezing
experiments will be discussed (Sect. 4.2).
4.1 Characterization of the particle mixing state using
different methods
Several methods were applied to characterize the mixing
state of the generated illite–BPWW aerosol. These were al-
ready introduced in Sect. 3.2 and their results will be dis-
cussed in the following.
4.1.1 VH-TDMA
The HGF and VGF distributions of the different particle
types which were obtained from the VH-TDMA measure-
ments are shown in Fig. 2. The values for the mean and stan-
dard deviation of the different curves are given in Table 1. For
the pure illite-NX particles (orange line) almost no change in
size was observed for both treatments, which results in mean
growth factors of approximately 1. This confirms that the
illite-NX contained no or only very little amounts of volatile
or soluble material. In contrast to that, particles generated
from the BPWW suspension (green line) showed a signifi-
cant change in size for both treatments which lead to HGF
and VGF of 1.38 and 0.56, respectively. The results for the
particles generated from the illite–BPWW suspension (pur-
ple line) showed HGF and VGF values which are between
those for the pure substances. It is also obvious that only one
mode is present and that this mode shows no (for the VGF)
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Figure 2. (a) Probability density function (PDF) of the hygroscopic growth factor (HGF) determined from the VH-TDMA measurements at
90 % relative humidity. (b) PDF of the volatile “growth” factor (VGF) determined from the VH-TDMA measurements at 300 ◦C.
Table 1. Mean value and standard deviation of the HGF and VGF
Gaussian distribution for the different heated (V) and humidified
(H) particle types. The selected size prior to the treatment was
500 nm.
Suspension Mean Standard deviation
illite-NX 0.99 0.01
HGF BPWW 1.38 0.07
illite–BPWW 1.05 0.05
illite-NX 0.99 0.01
VGF BPWW 0.56 0.02
illite–BPWW 0.87 0.01
or only little (for the HGF) overlap with the pure BPWW ma-
terial. This suggests that nearly all particles from the illite–
BPWW suspension consisted of both, illite-NX and BPWW
material. In other words: all particles were internally mixed.
Furthermore, the HGF values can be used to determine the
hygroscopicity parameters κ of the different particle types
(Petters and Kreidenweis, 2007). These κ values are 0, 0.176
and 0.017 for pure illite-NX, pure BPWW and internally
mixed particles, respectively, determined from average HGF.
For the κ of the internally mixed particles the simple mixing
rule κmix =
∑
iǫiκi can be applied (Petters and Kreidenweis,
2007). Here, ǫi depicts the amount of material i which has
a κ value of κi . With this it is possible to calculate the average
volume fraction of BPWW material on the internally mixed
particles, which was found to be 9.7 %. Assuming spherical
illite-NX particles surrounded by a smooth layer of BPWW
material, the BPWW layer thickness would be 8 nm.
4.1.2 SEM and EDX
The typical routine for the EDX based identification of par-
ticles as internal/external mixtures is the use of elemental ra-
tios of main elements of the pure components (within the
individual particles in the mixed sample) as classification
criteria. In this study the classification of the analyzed par-
ticles is based on the determined carbon / silicon (C /Si) ra-
tio. The choice of the boundary values of the elemental ratios
for the classification as internal respectively external mixture
depends on the detection limit and uncertainty of the EDX
measurement. Marginal carbon and silicon signals (close to
detection limit) are often observed in SEM-EDX measure-
ments. In this way only particles with a C /Si ratio (based
on net count rate) between 0.1 and 10 can be classified as in-
ternal illite/BPWW mixtures. As EDX analysis is limited to
major and minor elements, internal mixtures cannot be iden-
tified when one component is only present in traces.
Following this scheme all particles from the illite–BPWW
suspension would have been classified as pure illite samples.
Including the morphological data from the SEM measure-
ments it becomes obvious that the particles from the illite-
BPWW suspension are neither morphologically (secondary
electron images, see Fig. 3b and c) nor chemically (EDX)
discriminable from the pure illite particles by SEM analysis.
Furthermore, nearly none of the viscous droplets (Fig. 3a),
which would indicate the presence of pure BPWW particles
could be observed in the SEM images of the illite-BPWW
particles (145 particles were counted from which only 1
showed a shape similar to the pure BPWW particles).
With respect to the limitations of EDX analysis it can be
concluded that the relative abundance of the BPWW residu-
als within the mixed particles is less than (maximum) 2 wt %.
As the morphological surface features of the illite particles
are still visible in the illite–BPWW suspension, a surface
coating, which is thicker than a few tens of nanometers, can
be excluded. This is consistent with the results from the VH-
TDMA measurements, where a layer thickness of 8 nm was
estimated. As the residual carbonaceous particles (which will
contain the INMs) from the BPWW will be sited on the sur-
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Figure 3. Examples of SEM images of the different suspensions. (a) BPWW, (b) illite-NX, (c) illite–BPWW.
face of the illite grains, it is highly likely that they are present
either as very thin film or as small “isles” at the surface of the
illite particles.
4.1.3 Single particle mass spectrometry
For the illite–BPWW suspension 549 mass spectra were
measured with the SPLAT, 150 of which had to be discarded
due to insufficient ion count rate or wrong mass calibration.
The remaining 399 mass spectra were used for the further
analysis.
To decide whether a particle is an internal mixture or
a pure particle, the peak intensity ratio of selected marker
peaks (Na/(Na+SiO)) was used (histograms of this ratio as
well as examples of mass spectra for the pure as well as for
the mixed particles are shown in Fig. 4).
The experiments with the pure particles showed that val-
ues of this ratio between 0 and 0.1 occurred only for pure il-
lite, while ratios larger than 0.65 were only observed for pure
BPWW particles. Thus, particles with ratios between these
threshold values are likely mixtures of both components.
328 (around 82 %) out of the 399 spectra showed a ra-
tio Na/(Na+SiO) between 0.1 and 0.65, indicating internal
mixtures of illite-NX and BPWW material. Only 59 particles
(14 %) appeared to be pure illite, and 16 (4 %) appeared to be
pure BPWW in the SPLAT.
The uncertainties of this method can be estimated as fol-
lows: 25 % uncertainty originates from the amount of useful
mass spectra per measurement (about 25 % of the mass spec-
tra recorded in each experiment had to be discarded out due
to insufficient ion count rate or wrong mass calibration). Ad-
ditionally, 37 % of the pure illite values as well as 44 % of the
pure BPWW values have intensity ratios in the intermediate
range from 0.1 to 0.65. These uncertainties result in a pos-
sible underestimation of externally mixed particles of up to
about a factor of 1.6 for pure illite and 1.8 for pure BPWW.
This “worst case scenario” would lead to values of 24 %
pure illite particles and 7 % pure BPWW particles, which still
means that 69 % of the particles are internally mixed.
On the other hand, as discussed above, it is rather unlikely
to find pure illite-NX particles in the aerosol generated from
the illite–BPWW suspension. But as the VH-TDMA mea-
surements as well as the SEM images and the EDX analysis
suggest that the amount of BPWW material on the particles
might be rather small, it can not be ruled out that the SPLAT
can not detect such small amounts of biological material and
thus the amount of internally mixed particles is underesti-
mated.
It is obvious that the analysis of the mixing state of the
generated illite-BPWW aerosol is not trivial and that it is
bound to the limitations of the applied instruments. What
we learned from these investigations is that, especially for
particles with only small amounts of biological material, the
detection of this biological material is difficult or even not
possible. Nevertheless, all methods showed (albeit some only
indirectly) that a significant fraction, if not all, of the gener-
ated particles consisted of both biological material and dust
and are internally mixed particles.
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Figure 4. (left) Examples of single particle mass spectra of a pure illite particle, a pure BPWW particle, and a mixed particle. The marker
peaks Na+ (m/z 23) and SiO+ (m/z 44) are highlighted. The values for Na/(Na+SiO) are given for each particle. (right) Histograms of the
ratio (Na/(Na+SiO) for all particles. The dashed lines indicate the boundaries for pure illite (< 0.1) and for pure BPWW (> 0.65).
4.2 Immersion freezing experiments
In Fig. 5 the results of the immersion freezing experiments
of the particles generated from the illite–BPWW suspension
are shown (purple symbols). For a better understanding of
the freezing behavior of the mixed particles it is necessary
to first understand the freezing behavior of the pure materi-
als. Therefore, results of measurements from the pure 500 nm
illite-NX and BPWW particles are shown in Fig. 5, as or-
ange and green symbols, respectively. The freezing ability of
illite-NX particles generated from suspension was compared
to the freezing ability of dry generated illite-NX particles
of the same size (500 nm) as presented in Augustin-Bauditz
et al. (2014) (filled and open orange squares in Fig. 5, re-
spectively). The ice nucleation ability of the wet generated
particles was only slightly below that of the dry generated
ones. Concerning the BPWW measurements shown here, we
should mention that we had to use another birch pollen batch
than in Augustin et al. (2013) as the one used in the former
study was used up. Similarities and differences between these
two batches are addressed further down in the manuscript.
The comparison between the freezing behavior of the par-
ticles generated from the illite–BPWW suspension and the
pure substances indicates that it is possible to explain the
immersion freezing behavior of the mixture by the freezing
abilities of the pure substances. Down to roughly −30 ◦C,
the temperature range at which the first steep increase is ob-
served, and also the subsequent course of the ice fraction,
are identical to those of pure BPWW particles. The second
increase in the frozen fraction below −30 ◦C, from roughly
0.2 to above 0.3, occurs in a temperature range for which
the ice nucleation is observed for pure illite-NX particles. At
about −38 ◦C the homogeneous freezing sets in. The solid
lines in Fig. 5 represent modeled ice fractions for the differ-
ent particle types. The next section will describe how these
curves were obtained for the pure particles and how they can
be combined to describe the ice nucleation behavior of the
internally mixed particles.
5 Theoretical description and discussion
On the first view it seems to be fairly clear just from the three
experimental data sets in Fig. 5 that the freezing behavior of
the mixed particles can be explained by the freezing behav-
iors of the pure substances. Nevertheless, this conclusion has
to be checked by adequate modeling. For this purpose we de-
cided to use the Soccerball model (SBM, Niedermeier et al.,
2015, see Sect. 2). We will first introduce the parameteriza-
tions for the pure substances, and afterwards the ice nucle-
ation of the mixed illite-BPWW particles will be modeled.
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Figure 5. Results of the immersion freezing experiments of parti-
cles with a mobility diameter of 500 nm generated from the illite–
BPWW-suspension as well as from the pure illite-NX and BPWW
particles (purple, orange and green symbols, respectively). Filled
orange squares: illite-NX particles from suspension, open orange
squares: illite-NX particles from dry generation. Error bars are the
standard deviation of the experiments and were obtained for tem-
peratures with at least three measurements. The green, the dashed
orange and the straight orange line represent the freezing ability
of pure BPWW, dry generated illite-NX and wet generated illite-
NX particles, respectively (500 nm mobility diameter) based on the
SBM parameters determined from measurements with the pure sub-
stances. The grey line represents an extreme case where all the avail-
able BPWW material (9.7 % volume fraction) on the mixed parti-
cles has been dissolved in the droplet. The purple line represents the
freezing behavior of internally mixed particles which was fitted to
the measured data.
5.1 Immersion freezing properties of BPWW particles
For the freezing behavior of BPWW (green line in Fig. 5)
it was observed that the ice fraction reaches a saturation
range below one (Augustin et al., 2013), which means that at
a certain temperature no further increase in ice fraction with
decreasing temperature is observed. It is known that single
INMs are responsible for the freezing behavior of the BPWW
material (Pummer et al., 2012). The occurrence of a satura-
tion range below one implies that not all of the particles gen-
erated from a BPWW suspension contain an INM (a similar
behavior was observed for Snomax in Hartmann et al., 2013).
In those cases the average number of INM per droplet (λ) can
be directly calculated from the ice fraction f ∗ice observed in
the saturation range, with: λ=− ln(1− f ∗ice).
In Augustin et al. (2013) it was possible to describe the λ
value of the BPWW by both a linear particle volume depen-
dence and a linear particle surface area dependence, where
a surface area dependence yielded a slightly better regres-
sion coefficient (surface area: r = 0.9918, and volume: r =
0.9275). This was somehow surprising as it was expected that
the BPWW particles are fully soluble and thus should show
a clear linear volume dependence (as for example in the case
of Snomax; Hartmann et al., 2013). In Augustin et al. (2013)
it was speculated that the BPWW contains some slowly dis-
solving material and that the generated particles may need
more time than the few seconds they have in LACIS to dis-
solve completely, which would explain the surface depen-
dence of λ.
It should be mentioned here that the Swedish birch pollen
washing water which was used in this study contains two dif-
ferent types of INM (called INM-α and INM-β), which are
internally mixed (Augustin et al., 2013). So for the BPWW
used in this study Eq. (3) changes to
PBPWWunfr,λ (T ,µθ ,σθ ,λ, t)= exp
(
− λα
(
1−Punfr,α
)
− λβ
(
1−Punfr,β
))
. (5)
The two different types of INM are the reason for the shoul-
der of the BPWW ice fraction curve at around−20 ◦C, where
the increase at temperatures above and below this shoulder is
caused by the more and the less ice active type of INM be-
ing active, respectively. The values for µθ and σθ for both
INM types contained in the BPWW were taken from Au-
gustin et al. (2013) and are given in Table 3.
The size of a single INM was estimated to be 10 nm (Pum-
mer et al., 2012). Assuming spherical INMs this leads to
a ssite of 3.14×10−16 m2. As explained above, the λ values of
INM-α and INM-β can be described by both a linear volume
dependence and a linear surface area dependence. The rela-
tions between λ and particle volume for INM-α and INM-β
can be described as follows:
λα = 6.76× 1018 m−3×D3p and
λβ = 1.31× 1018 m−3×D3p .
When assuming a surface area dependence the relations are
λα = 3.30× 1012 m−2×D2p and
λβ = 6.65× 1011 m−2×D2p .
The respective values for a 500 nm particle are given in
Table 2. These values differ a little from the respective val-
ues given in Augustin et al. (2013). The reason for that is
that a new birch pollen batch had to be used for the here pre-
sented measurements. This includes both measurements of
pure BPWW and those for mixed illite-BPWW particles. It
is not surprising that due to natural variability the number of
INMs produced per pollen grain or per mass of pollen varies.
As a result, the number of INMs per particle also differs from
batch to batch. But the ice nucleation properties (µθ and σθ )
which were determined for the old pollen batch can be used
to model the ice nucleation behavior of particles produced
from the new batch, as seen by the good agreement between
measured and modeled data for BPWW shown in Fig. 5. This
is a strong indication for the fact that the two types of INMs
in the new batch as such are the same than those in the for-
merly used batch.
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Table 2. Summary of the λ values for 500 nm particles of differ-
ent composition. They were calculated with the given relations in
Sect. 5.1 for BPWW particles and Sect. 5.2 for illite-NX particles.
For the calculation of the values of case (b) it was assumed that
the soluble volume fraction of the BPWW material in the internally
mixed particle is approximately 9.7 %. The values for case (c) were
estimated by fitting Eq. (7) to the measured data with λα , λβ and
λillite being the fit parameters, where the relation between λα and
λβ remains the same as derived from the measurements of the pure
BPWW. The λ values shown here are only valid for the respective
particles generated for the measurements in this study.
500 nm particle λillite λα λβ
pure illite 0.813 – –
pure BPWW (surface dependent) – 0.825 0.166
Case (b) (Fig. 6) 0.759 0.082 0.016
Case (c) (Fig. 6) 0.511 0.206 0.041
5.2 Immersion freezing properties of illite-NX particles
In contrast to the BPWW particles we did not observe a sat-
uration range for the frozen fraction for the illite-NX parti-
cles (Augustin-Bauditz et al., 2014). But, due to the lower ice
nucleating ability, it is plausible that homogeneous ice nu-
cleation, which is dominant for T <−38 ◦C, perhaps masks
a potential leveling off of the frozen fraction curves. There-
fore, we also used the presented procedure for representing
the ice nucleating ability of the pure illite-NX particles (or-
ange lines in Fig. 5). To do so, the following assumptions
were made. First, the λ value of illite-NX is assumed to be
smaller than the determined λ value for feldspar given in Nie-
dermeier et al. (2015). This is a reasonable assumption as
K-feldspar was observed to be the most ice active mineral
dust found so far (Atkinson et al., 2013; Augustin-Bauditz
et al., 2014). Second, we assume that λ is directly correlated
to the particle surface area, as for mineral dust it is assumed
that the ice nucleating entities are special sites on the surface
of the particle. This correlation between λ and particle sur-
face area was already observed for feldspar particles (Nie-
dermeier et al., 2015). Due to these assumptions we could
distinctly narrow the range of the possible λ parameter. For
a ssite of 10−14 m2 as used in Niedermeier et al. (2015), the
best fit between measured and modeled data was obtained
for λillite = 3.25× 1012 m−2×D2p . For a 500 nm particle the
λillite would be 0.813 (see Tab. 2). The resulting µθ and σθ
for both wet and dry generated particles are given in Table 3.
For the calculations in the next section, the parameters of the
wet generated particles were used, as the illite-BPWW parti-
cles were also generated from a suspension.
5.3 Immersion freezing properties of illite–BPWW
particles
As already indicated, the freezing behavior of the mixed
particles appears as superposition of the single substances’
Table 3. Soccerball model parameters used for the calculations
shown in Fig. 5. The values for µθ and σθ are determined from
measurements with the pure substances. The BPWW parameters
were directly taken from Augustin et al. (2013). The parameters for
illite-NX particles (wet and dry generation) were calculated within
this study.
µθ [rad] σθ [rad]
pure illite-NX (dry generation) 1.903 0.274
pure illite-NX (wet generation) 2.022 0.315
pure BPWW (INM-α) 1.016 0.0803
pure BPWW (INM-β) 0.834 0.0005
freezing behaviors, and the most ice active ice nucleation en-
tity within the particle will dominate the freezing process.
For the 500 nm illite–BPWW particles considered here the
INMs of the BPWW material are the dominant ice nucleation
entities in the temperature range between −17 and −30 ◦C.
At this point, it is worth mentioning that although we as-
sume that every particle contains some material from the
BPWW, not every particle will contain an INM, as already
pure 500 nm BPWW particles did not all contain an INM.
Hence in some illite–BPWW particles, it will be the illite
which induces droplet freezing.
In the following, we model the ice nucleation behavior of
the illite–BPWW particles based on the SBM parameters (µθ
and σθ from Table 3) for the pure substances. For the illite-
NX component the parameters of the wet-generated particles
were used.
First we consider that all particles are internally mixed
(see discussion in Sect. 4.1). As independent probabilities are
multiplicative, the Punfr, mix is calculated as follows:
Punfr,mix(T ,µθ ,σθ ,λ, t)= P illiteunfr,λ×PBPWWunfr,λ . (6)
With that the ice fraction can be determined as follows:
fice(T ,µθ ,σθ ,λ, t)= 1−Punfr, mix. (7)
Equation (7) now represents the freezing behavior of par-
ticles, which consist of both illite-NX and BPWW material,
assuming that the freezing behavior of the pure substances
remains unchanged, even when they are mixed. As already
mentioned, the µθ and σθ values of the pure substances are
independent of the particle size. In contrast to that the param-
eters λα , λβ and λillite change when the particle size changes.
From the VH-TDMA measurements we know that the sol-
uble volume fraction of the BPWW material in the internally
mixed particle is approximately 9.7 %. As mentioned above
it might be that the BPWW material on the illite-NX mate-
rial does not fully dissolve during the few seconds in LACIS,
where the particle is immersed in a droplet. In the follow-
ing we want to discuss three different behaviors which the
internally mixed particles may show during the freezing ex-
periments (Fig. 6). Case (a) depicts an extreme case, where
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Figure 6. Theoretical forms of mixing of a spherical internally
mixed illite–BPWW particle. (a) The illite-NX particle is com-
pletely covered with BPWW material which does not dissolve in
the droplet. (b) The BPWW material is completely dissolved in the
droplet. (c) The BPWW material is partly dissolved and partly still
on the illite-NX particle.
the illite-NX particle is fully covered with BPWW mate-
rial and the BPWW material does not dissolve at all. Only
the BPWW material is exposed to the water and can trigger
the freezing process. In this case the internally mixed par-
ticles would behave exactly like pure 500 nm BPWW par-
ticle (green line in Fig. 5). Obviously this case overesti-
mates the measured ice fractions of the illite–BPWW par-
ticles. Case (b) shows another extreme case. Here the whole
BPWW material is dissolved in the droplet. Assuming the
volume fraction of BPWW material on the illite–BPWW
particles to be 9.7 %, we can calculate the λ values of the
BPWW material (assuming λ to be volume dependent) as
well as λillite for the remaining spherical illite-NX particle.
The values are given in Table 2. The resulting ice fraction
curve is shown in Fig. 5 as a grey line. It is obvious that in
this case the ice fraction of the illite–BPWW particles is un-
derestimated. We can conclude from this that the real case is
an intermediate case of (a) and (b) (panel c in Fig. 6). The
BPWW material dissolves partly, as it was already suggested
in Augustin et al. (2013). For this case the size parameters
can not be calculated directly as we have no information
of how much of the BPWW material will dissolve and how
much will still cover the illite-NX core. So we fit Eq. (7) to
the measured data with λα , λβ and λillite being the fit parame-
ters, where the relation between λα and λβ remains the same
as derived from the measurements of the pure BPWW. This
leads to the following results:
λα = 0.206,λβ = 0.041,λillite = 0.511.
This is depicted as purple line in Fig. 5, and fits the course of
the measured data well over the whole temperature range. It
should be noted at this point that in the model the ice nucle-
ation properties (µθ and σθ ) of both materials have not been
changed and still are the same as for the pure materials. So
with the modeled ice fraction curves we could show that the
course of the immersion freezing behavior of the mixture can
be explained by the freezing abilities of the pure substances.
This can be interpreted as a confirmation of our assumption
that it is the ice nucleating active biological fraction which
determines the INM containing mixed particles’ ice nucle-
ation ability.
6 Conclusions
Several studies showed that mineral dust particles can act as
carriers for biological material. Up to now it was not shown
clearly how a single particle which consists of both mineral
dust and biological material behaves in terms of ice nucle-
ation.
In this study we showed that it is possible to quantitatively
describe the freezing behavior of particles generated from
an illite–BPWW suspension, based on parameters (mean and
standard deviation of the contact angle distribution) of the
pure substances. In other words, the freezing behavior of the
mixed particles appears as superposition of the single sub-
stances’ freezing behaviors and for a droplet containing such
a mixed particle, the most active freezing entity in the droplet
will control the freezing process. For the internally mixed
particles presented here, this means that if there is an INM
located on the surface of an illite-NX particle, this INM will
initiate the freezing of the droplet at much higher tempera-
tures than the pure illite-NX particle.
This study also indicates that it is fairly difficult to de-
termine the mixing state even already of a laboratory gen-
erated aerosol. The VH-TDMA measurements strongly sug-
gest that the generated particles are internally mixed. How-
ever, the amount of biological material on these particles was
estimated to be less than 10 % of the whole particle mass.
The microscope techniques (SEM and EDX) apparently did
not detect this small biological fraction of a mixed bio-dust
particle because of their limited analytical possibilities. Also
the single particle mass spectrometry (SPLAT) did not detect
such small amounts of biological material on all particles. As
a result the amount of internally mixed particles appears to
be underestimated. This may also be the case for atmospheric
measurements. Therefore it can not be ruled out that ice nu-
cleation attributed to mineral dust in the past occasionally
might have been due to an undetected biological component.
Based on our results the following advice can be given for
the modeling of atmospheric ice nucleation: on the one hand
it is not necessary to define new parameterizations for dust-
bio-mixtures as these particles, depending on actual compo-
sition, induce freezing similar to the pure substances. On the
other hand, this implies that for proper modeling, the knowl-
edge concerning the number of mineral and biological INP
and their mixing state is highly desirable. Finding the respec-
tive atmospherically relevant values is still a big challenge as
the particle characterization methods are limited in their abil-
ity to detect small amounts of certain substances.
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Chapter 4
Summary and Conclusions
The overall goal of the present thesis was, to deepen the basic understanding of the heteroge-
neous ice nucleation process itself and to demonstrate the importance of certain INP types for
the atmospheric ice nucleation. Thereby the focus was on the following types of INP: INA
macromolecules from birch pollen washing waters, pure and sulfuric acid coated mineral dust
containing K-feldspar and particles which were mixtures of mineral dust, and biological ma-
terial. The investigations on the immersion freezing behavior of these different particle types
were carried out at the Leipzig Aerosol Cloud Interaction Simulator (LACIS).
In my first study which was published in Augustin et al. [2013] the immersion freezing be-
havior of birch pollen washing waters was investigated. It was already known from former
investigations that INA macromolecules of sizes of a few 10 nanometer are the reason for the
ice nucleation ability of birch pollen [Pummer et al., 2012]. In the here presented thesis, a
quantification of the freezing behavior of single birch pollen INA macromolecules under at-
mospherically relevant conditions was done for the first time. Furthermore, two birch pollen
samples with different local origin (Sweden and Czech Republic) were compared in terms of
their ice nucleation ability. Both birch pollen washing water samples catalyzed freezing in
a measurable amount (more than 1% frozen fraction) at temperatures above −20◦ C. This is
in line with the findings from Diehl et al. [2001, 2002], von Blohn et al. [2005] and Pummer
et al. [2012]. In the temperature range below −24◦ C, further cooling did not increase the
frozen fractions any more. Based on this, it could be concluded that not all droplets con-
tain an INA macromolecule. Similar to Hartmann et al. [2013], this fact could be used to
determine the number of INA macromolecules in the droplets examined here which in turn
allowed for the determination of parameterizations of the freezing behavior of single INA
macromolecules in terms of ice nucleation rates and contact angle distributions. The main
differences between the Swedish birch pollen and the Czech birch pollen were obvious in
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the temperature range between −18◦ C and −24◦ C. Here the particles generated from the
Swedish birch pollen washing water showed a much steeper increase in frozen fraction with
decreasing temperature as the particles generated from the Czech birch pollen washing water.
Therefore it could be concluded that birch pollen are able to produce at least two different
types of INA macromolecules and that one of the macromolecules is obviously favorably
produced in higher latitudes. A clear correlation between the abundance of biological INP
and the climatic region was also observed in Schnell and Vali [1976]. They found an overall
increase in the number concentration of INP from leaf litter with latitude. For atmospheric
application this implies that it is not only important to know which biological material is
present but it may also be essential to know where it originally came from.
The present study demonstrated that single INAmacromolecules of sizes of a few 10 nanome-
ter are able to initiate freezing in a droplet. Similar findings were made for other biological
substances such as bacteria [Hartmann et al., 2013], fungal spores [Fröhlich-Nowoisky et al.,
2015], marine organic aerosol [Wilson et al., 2015] and soil dust material [O’Sullivan et al.,
2015]. Summarizing it can be concluded that the importance of biological particles in the
past may has been underestimated as normally in the global aerosol microphysics models
only the complete supermicron biological particles (e.g. bacterial cell, pollen grain or fungal
spore) were considered [Hoose et al., 2010, Spracklen and Heald, 2014] and those number
concentrations and emission rates were found to be very small in comparison to mineral
dust [Despres et al., 2012]. But the atmospherically relevant numbers would be those of the
nanoscale macromolecules which could be orders of magnitude larger. In the here presented
investigations for example the number of INA macromolecules on a single pollen grain was
estimated to be 2 × 104. This number was later confirmed by O’Sullivan et al. [2015]. They
also investigated birch pollen and estimated 8 × 103 macromolecules per pollen grain. The
emission of single nanoscale particles is rather unlikely but they can be adsorbed on larger
particles like mineral dust and with those they can be transported into the atmosphere over the
typical pathways (wind erosion or agricultural processes). The investigation of the freezing
ability of those internally mixed particles was also the topic of this thesis and the results on
this will be summarized and discussed further down.
The second study presented in this thesis dealt with the immersion freezing behavior of dif-
ferent mineral dust particles [Augustin-Bauditz et al., 2014]. The main objective of this
study was to determine whether the K-feldspar content of a mineral dust sample influences
its freezing ability. Therefore the freezing abilities of different mineral dust samples which
all contained some amount of K-feldspar were compared. These mineral dust samples were
ATD, Fluka kaolinite, NX-illite and a feldspar sample which contained 76% K-feldspar. In
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the last years, especially ATD, Fluka kaolinite and NX-illite were frequently used as min-
eral dust proxys for freezing experiments in the laboratory [Luond et al., 2010, Murray et al.,
2011, Broadley et al., 2012, Niemand et al., 2012, Hartmann et al., 2016]. While the NX-illite
and feldspar measurements were performed in the context of the present thesis, the ATD and
Fluka kaolinite measurements were already done in former experiments with LACIS [Nieder-
meier et al., 2010, Wex et al., 2014]. When comparing the different dust samples it became
obvious that the more K-feldspar is contained in the sample, the higher is the freezing ability.
This is in line with the results from Atkinson et al. [2013] who suggested that the K-feldspar
content controls the freezing behavior of mineral dust particles.
To explore whether and how chemical reactions may change the ice nucleation ability of
the mineral dusts, the samples were coated with nanometer layers of sulfuric acid. Upon coat-
ing, all minerals showed a reduced ice nucleation ability compared to the uncoated particles.
However, the decrease was strongest for the particles from the feldspar sample. Moreover, it
became obvious that the more K-feldspar is contained in the mineral dust sample, the higher
is the decrease in ice nucleation ability. This further corroborates that the ice nucleation
behavior of mineral dusts may be controlled by the amount of K-feldspar being present. Nie-
dermeier et al. [2011a] suggested that the decrease in ice nucleation ability of ATD particles
after coating them with sulfuric acid is due to a transformation of aluminum silicates to non
ice active metal sulfates. In the view of the results of the present investigations, an alternative
interpretation would be that the K-feldspar (about 20 %) contained in the ATD was altered.
This could also be the case for the other investigated minerals which lead to the assumption
that the freezing ability of clays is not affected by sulfuric acid but only the K-feldspar con-
tent. Furthermore after the coating, all mineral dusts feature the same freezing ability which
made it possible to determine a single freezing parameterization for all clay minerals. From
this it can be assumed that the pure, K-feldspar free clay minerals in general feature the same
freezing ability.
It is well known that weathering feldspars form clay minerals [Meunier, 2005, Blum,
1994, Zhu et al., 2006]. During this process, which is called hydrolysis, K, Na, and Ca are
released. And indeed, the results of the XPS measurements done within the present thesis
showed a reduction inK+ ions in the feldspar sample after the sulfuric acid treatment. It can
be assumed that this leads to a change in the lattice structure, which may be the reason for
the strong reduction in ice nucleation ability of K-feldspar. Furthermore, it is known thatK+
has a similar size as H3O
+ [Salzmann et al., 2006, Tajima et al., 1982], though it fits better
into the ice structure than for example the Na+ or Ca2+ ions. This may be the reason for the
better freezing ability of K-feldspar in comparison to the Na/Ca-feldspars [Atkinson et al.,
2013, Harrison et al., 2016]. But there is also already some indication that crystal structure
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and composition are not the only factors dictating the ice nucleation efficiency of K-feldspar.
Harrison et al. [2016] identified one hyperactive microcline (an endmember of the K-feldspar
group) which initiated freezing already at temperatures which were about 5K higher than all
other tested microcline samples. Another hypothesis on the ice nucleation ability of mineral
dust in general has been made by Zolles et al. [2015] and Hiranuma et al. [2014], who inves-
tigated samples of quartz and hematite. Those samples showed an increased freezing ability
after milling. With that they demonstrated that local defects on the surface of a particle seem
to be important for the freezing initiation. Summarizing, it can be said, that although there
are some ideas, up to now it is still unknown, which property makes a mineral dust particle
act as INP and why the freezing ability of K-feldspar is enhanced compared to other mineral
dust particles.
The importance of K-feldspar for the atmospheric ice nucleation remains unclear. First,
its contribution to atmospheric dust mass concentrations is not fully clarified. Values given in
literature vary between a few percent [Glaccum and Prospero, 1980] and 25% [Kandler et al.,
2011]. Furthermore, as the results of the present thesis demonstrated, K-feldspar is very sus-
ceptible to the reaction with sulfuric acid. From this, it could be concluded that K-feldspar
might change its ice nucleation ability upon liquid phase reactions in polluted air masses, so
that its importance for atmospheric ice nucleation might depend on its atmospheric lifetime.
Therefore biological particles still might be the only explanation for atmospheric ice nucle-
ation at higher temperature regimes.
In this context, it is of special interest to clarify how a mineral dust particle behaves in terms
of ice nucleation when it is internally mixed with ice nucleating active biological material.
Therefore, laboratory-generated particles composed of illite-NX and birch pollen material
were investigated. The results on the freezing ability of these "artificial soil dust particles"
were published in Augustin-Bauditz et al. [2016]. The main outcome of this study was that
it is possible to quantitatively describe the freezing behavior of the internally mixed parti-
cles based on parameters found for the pure substances which were determined in the two
previous studies. In other words, the freezing behavior of the mixed particles appears as su-
perposition of the single substances’ freezing behaviors and for a droplet containing such a
mixed particle, the most active freezing site in the droplet will control the freezing process.
For the internally mixed particles presented here, this means that if there is an INA macro-
molecule located on the surface of an illite-NX particle, this INA macromolecule will initiate
the freezing of the droplet at much higher temperatures than the pure illite-NX particle.
Recently, a similar study was carried out by O’Sullivan et al. [2016]. They investigated
the adsorption of fungal ice nucleating proteins on kaolinite. They corroborated the results
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of the here presented investigations as they also observed an increase in the ice nucleation
ability of the kaolinite after mixing it with the fungal proteins. Thereby, the original freezing
ability of the fungal ice nucleating proteins was maintained. They also demonstrated that
the adsorption of proteins on the mineral dust is enhanced if they used a salt suspension. So
the present study as well as the study of O’Sullivan et al. [2016] demonstrated that biologi-
cal macromolecules can be adsorbed to mineral dust which results in an enhancement of the
mineral dusts freezing ability. Moreover, as the INA macromolecules maintain their freezing
ability, a mineral dust particle with an attached INA macromolecule initiates freezing exactly
like a biological particle. Therefore, it is very likely that the ascription of mineral dust to
the atmospheric INP is, at least to a certain extent, due to unnoticed attached ice nucleating
biological material. However the lifetime of these macromolecules is still questionable, es-
pecially in soils were biodegradation is likely.
A further important outcome of the here presented investigations on dust-bio-mixtures
was, that it is fairly difficult to determine the mixing state even of a laboratory generated
aerosol. The amount of biological material on the mixed dust-bio particles examined in the
present study was estimated to be roughly 10% of the whole particle mass (based on VH-
TDMA measurements). Although this can be considered to be a substantial fraction, the here
used characterization methods including microscope techniques as well as single particle
mass spectrometry did not detect this biological fraction due to their limited analytical pos-
sibilities. As a result the amount of internally mixed particles appears to be underestimated.
Especially the mass spectrometry method is a common method used on aircrafts to charac-
terize ice crystal residuals of a cloud as for example in Pratt et al. [2009] and Creamean et al.
[2013]. In both studies a certain fraction of all particles was identified as dust-bio-mixtures.
In the view of the findings of the present study it can be assumed that this fraction may have
been underestimated and with that also the importance of biological particles for the atmo-
spheric ice nucleation.
Summarizing, the work presented in this thesis improved our understanding of the freezing
ability of different INA substances and their role for the atmospheric ice nucleation. It was
emphasized that the importance of biological INP and especially of birch pollen INP for the
atmospheric ice nucleation may have been underestimated up to now. The nanoscale macro-
molecules can be numerous and they can be ice active either on their own or connected to a
mineral substrate. Furthermore the importance of the freezing ability of K-feldspar among
the mineral dust group has been demonstrated, where it is the most ice active mineral dust
known today. Nevertheless the importance of K-feldspar for the atmospheric ice nucleation
might depend on its atmospheric lifetime as it is susceptible to atmospheric aging.
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Chapter 5
Outlook
The field of heterogeneous ice nucleation has been a very dynamic scientific field in the
time span of my dissertation. This thesis as well as other studies significantly contributed
to a overall improvement of the understanding of the heterogeneous ice nucleation process.
Nevertheless for an appropriate implementation of the heterogeneous freezing process in at-
mospheric models to improve weather and climate prediction, several open issues should be
addressed in the next years.
Generally, up to now there is only little knowledge about the temporal and spatial distri-
bution of INP over the whole world. Thus field measurements which determine the number
concentration of INP are highly desirable. The knowledge about the mixing state of atmo-
spheric aerosol particles is maybe even worse as it was demonstrated in the present study
that some of the instrumentations which were used to measure the mixing state of ice crystal
residuals are unable to detect small amounts of biological components. But even these small
amounts of biological components can already significantly change the freezing ability of e.g.
mineral dust particles. Therefore it can not be ruled out that ice nucleation attributed to min-
eral dust in the past occasionally might have been due to an undetected biological component
and that the overall number of biological particles in general has been underestimated so far.
It becomes obvious that it is indispensable to improve the technique to especially measure
biological material in the atmosphere.
Also laboratory studies under controlled and reproducible conditions are still mandatory.
Especially for the bioaerosols it would be important to identify which other species of bac-
teria, pollen, fungi or lichen can act as efficient INP. With these information, it might be
possible to characterize the ice active biological material in soils, rivers and lakes. And also
sea spray from the oceans might be a big source for organic-rich material which would also
be a candidate for INPs, especially in remote areas like the Southern Ocean, North Pacific
Ocean and North Atlantic Ocean. Furthermore the importance of anthropogenic INPs is not
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fully understood. There are contradictory results about the freezing ability of black carbon
and soot particles and up to now there are only a few investigations concerning the freezing
ability of fly ash particles from industrial combustion processes.
Finally, it should be mentioned that the importance of a certain material for the atmo-
spheric ice formation is always an interplay between its overall abundance and its ice nucle-
ation ability at a given temperature. In other words, the relative importance of rare occurring
but very efficient INPs in comparison to frequently occurring but less efficient INPs for the
properties of a mixed-phase cloud should be investigated. This could be done for example in
cloud parcel models where the primary ice formation can be simulated with the help of the
here given parameterizations for the freezing behavior of the different particle types.
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Authors contribution
First publication: Immersion freezing of birch pollen washing water
published by Stefanie Augustin, HeikeWex, Dennis Niedermeier, Bernhard Pummer, Hinrich
Grothe, Susan Hartman, Laura Tomsche, Tina Clauss, Jens Voigtländer, Karoliina Ignatius
and Frank Stratmann in the journal "Atmospheric Chemistry and Physics", 13, doi:10.5194/acp-
13-10989-2013, 10989-11003, 2013.
For my first publication, which dealt with the immersion freezing behavior of birch pollen
washing waters, I conducted the experiments with LACIS, the data evaluation and inter-
pretation as well as the writing of the manuscript. As LACIS always needs at least two
persons for measuring, Susan Hartmann, Laura Tomsche and Tina Claus were involved to
the measurements of this study. Jens Voigtländer performed simulations for preparing the
LACIS measurement set up and Dennis Niedermeier provided the SBM parameters of the
INA macromolecules. Bernhard Pummer and Hinrich Grothe contributed to that study by
providing birch pollen samples and by discussing the final results. Besides all other co-
authors especially Heike Wex and Frank Stratmann strongly supervised this work by provid-
ing suggestions for the data interpretation as well as by carefully commenting the manuscript.
Finally, Karoliina Ignatius did the proof read of the manuscript. All co authors participated
in fruitful scientific discussions which improved the manuscript a lot.
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Second publication: The immersionmode ice nucleation behavior of mineral dusts: A
comparison of different pure and surface modified dusts
published by Stefanie Augustin-Bauditz 1, Heike Wex, Sandra Kanter, Martin Ebert, Dennis
Niedermeier, Ferdinand Stolz, Andrea Prager and Frank Stratmann in the journal "Geophys-
ical Reasearch Letters", 41. doi:10.1002/2014GL061317, 2014.
The second publication dealt with the immersion freezing behavior of pure and sulfuric acid
coated mineral dusts. As in the previous study I conducted the experiments with LACIS,
the data evaluation and interpretation as well as the writing of the manuscript. Heike Wex
strongly supervised this study in all stages, especially during the writing process. Sandra
Kanter supported me during the measurements and took over some of the data evaluation.
Martin Ebert from the institute of applied geosciences in Darmstadt, conducted the chemi-
cal analysis of the illite-NX and feldspar sample and provided electron microscope images.
Andrea Prager from the institute of surface modification in Leipzig performed the X-ray pho-
toelectron spectroscopy measurements. Furthermore, she as well as Ferdinand Stolz were
involved in discussing the results of the X-ray photoelectron spectroscopy results. Dennis
Niedermeier and Frank Stratmann provided suggestions for the data interpretation as well as
useful suggestions to the manuscript draft.
1On may 23rd, 2014 my official surname changed from "Augustin" to "Bauditz". To keep the connection to
my first publication, I decided to use the double surname "Augustin-Bauditz" for the following publications.
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Third publication: Laboratory-generated mixtures of mineral dust particles with bio-
logical substances: characterization of the particle mixing state and immersion freezing
behavior
published by Stefanie Augustin-Bauditz, Heike Wex, Cyrielle Denjean, Susan Hartmann,
Johannes Schneider, Susann Schmidt, Martin Ebert and Frank Stratmann in the journal "At-
mospheric Chemistry and Physics", 16, 5531-5543, doi:10.5194/acp-16-5531-2016, 2016.
On the basis of two previous publications, my third publication described the results of the in-
vestigations concerning laboratory generated mixtures of illite-NX and birch pollen washing
water. Therefore, I conducted the immersion freezing experiments with LACIS, the data eval-
uation and interpretation of those as well as the writing of the manuscript. Cyrielle Denjean
performed the measurements with the Volatility-Hygroscopicity Tandem Differential Mobil-
ity Analyser (VH-TDMA) and evaluated the respective results. Susann Schmidt and Johannes
Schneider from the Max Planck Institute for Chemistry in Mainz provided the data from the
Single Particle Laser Ablation Time-of-flight mass spectrometer (SPLAT) and Martin Ebert
from the institute of applied geosciences in Darmstadt, performed the Energy Dispersive
X-ray analysis (EDX). Cyrielle Denjean, Johannes Schneider and Martin Ebert were also
strongly involved in the discussion of the particle characterization results and provided text
passages for the manuscript. Heike Wex, Susan Hartmann and Frank Stratmann provided
suggestions for the data interpretation as well as useful suggestions to the manuscript draft.
81

Bibliography
A. Ansmann, M. Tesche, P. Seifert, D. Althausen, R. Engelmann, J. Fruntke, U. Wandinger,
I. Mattis, and D. Mueller. Evolution of the ice phase in tropical altocumulus: Samum lidar
observations over cape verde. Journal of Geophysical Research-Atmospheres, 114, 2009.
doi: 10.1029/2008jd011659.
J. D. Atkinson, B. J. Murray, M. T. Woodhouse, T. F. Whale, K. J. Baustian, K. S. Carslaw,
S. Dobbie, D. O’Sullivan, and T. L. Malkin. The importance of feldspar for ice nucleation
by mineral dust in mixed-phase clouds. Nature, 498(7454):355–358, 2013. doi: 10.1038/
nature12278.
S. Augustin, H. Wex, D. Niedermeier, B. Pummer, H. Grothe, S. Hartmann, L. Tomsche,
T. Clauss, J. Voigtlaender, K. Ignatius, and F. Stratmann. Immersion freezing of birch
pollen washing water. Atmospheric Chemistry and Physics, 13(21):10989–11003, 2013.
doi: 10.5194/acp-13-10989-2013.
S. Augustin-Bauditz, H. Wex, S. Kanter, M. Ebert, D. Niedermeier, F. Stolz, A. Prager, and
F. Stratmann. The immersion mode ice nucleation behavior of mineral dusts: A comparison
of different pure and surface modified dusts. Geophysical Research Letters, 41(20):7375–
7382, 2014. doi: 10.1002/2014gl061317.
S. Augustin-Bauditz, H. Wex, C. Denjean, S. Hartmann, J. Schneider, S. Schmidt, M. Ebert,
and F. Stratmann. Laboratory-generated mixtures of mineral dust particles with biologi-
cal substances: characterization of the particle mixing state and immersion freezing be-
havior. Atmospheric Chemistry and Physics, 16(9):5531–5543, 2016. doi: 10.5194/
acp-16-5531-2016.
E. K. Bigg. The supercooling of water. Proceedings of the Physical Society of London Section
B, 66(404):688–694, 1953. doi: 10.1088/0370-1301/66/8/309.
A. E. Blum. Feldspars in Weathering, pages 595–630. Springer Netherlands, 1994.
83
S. L. Broadley, B. J. Murray, R. J. Herbert, J. D. Atkinson, S. Dobbie, T. L. Malkin,
E. Condliffe, and L. Neve. Immersion mode heterogeneous ice nucleation by an illite rich
powder representative of atmospheric mineral dust. Atmospheric Chemistry and Physics,
12(1):287–307, 2012. doi: 10.5194/acp-12-287-2012.
C. Budke and T. Koop. Binary: an optical freezing array for assessing temperature and time
dependence of heterogeneous ice nucleation. Atmospheric Measurement Techniques, 8(2):
689–703, 2015. doi: 10.5194/amt-8-689-2015.
J. Buehl, A. Ansmann, P. Seifert, H. Baars, and R. Engelmann. Toward a quantitative charac-
terization of heterogeneous ice formation with lidar/radar: Comparison of calipso/cloudsat
with ground-based observations. Geophysical Research Letters, 40(16):4404–4408, 2013.
doi: 10.1002/grl.50792.
W. Cantrell and A. Heymsfield. Production of ice in tropospheric clouds - a review. Bulletin of
the American Meteorological Society, 86(6):795–807, 2005. doi: 10.1175/bams-86-6-795.
A. E. Carte. The freezing of water droplets. Proceedings of the Physical Society of London
Section B, 69(10):1028–1037, 1956. doi: 10.1088/0370-1301/69/10/309.
A. E. Carte. Probability of freezing. Proceedings of the Physical Society of London, 73(470):
324–324, 1959. doi: 10.1088/0370-1328/73/2/126.
N. Cochet and P. Widehem. Ice crystallization by pseudomonas syringae. Applied Microbi-
ology and Biotechnology, 54(2):153–161, 2000.
F. Conen, C. E. Morris, J. Leifeld, M. V. Yakutin, and C. Alewell. Biological residues define
the ice nucleation properties of soil dust. Atmospheric Chemistry and Physics, 11(18):
9643–9648, 2011. doi: 10.5194/acp-11-9643-2011.
P. J. Connolly, O. Möhler, P. R. Field, H. Saathoff, R. Burgess, T. Choularton, and M. Gal-
lagher. Studies of heterogeneous freezing by three different desert dust samples. Atmo-
spheric Chemistry and Physics, 9(8):2805–2824, 2009. doi: 10.5194/acp-9-2805-2009.
J. M. Creamean, K. J. Suski, D. Rosenfeld, A. Cazorla, P. J. DeMott, R. C. Sullivan, A. B.
White, F. M. Ralph, P. Minnis, J. M. Comstock, J. M. Tomlinson, and K. A. Prather. Dust
and biological aerosols from the sahara and asia influence precipitation in the western u.s.
Science, 339(6127):1572–1578, 2013. doi: 10.1126/science.1227279.
G. de Boer, H. Morrison, M. D. Shupe, and R. Hildner. Evidence of liquid dependent ice
nucleation in high-latitude stratiform clouds from surface remote sensors. Geophysical
Research Letters, 38, 2011. doi: 10.1029/2010gl046016.
84
P. J. DeMott and A. J. Prenni. New directions: Need for defining the numbers and sources
of biological aerosols acting as ice nuclei. Atmospheric Environment, 44(15):1944–1945,
2010. doi: 10.1016/j.atmosenv.2010.02.032.
P. J. DeMott, D. J. Cziczo, A. J. Prenni, D. M. Murphy, S. M. Kreidenweis, D. S. Thomson,
R. Borys, and D. C. Rogers. Measurements of the concentration and composition of nuclei
for cirrus formation. Proceedings of the National Academy of Sciences of the United States
of America, 100(25):14655–14660, 2003. doi: 10.1073/pnas.2532677100.
P. J. DeMott, K. Sassen, M. R. Poellot, D. Baumgardner, D. C. Rogers, S. D. Brooks, A. J.
Prenni, and S. M. Kreidenweis. Corection to "african dust aerosols as atmospheric ice
nuclei". Geophysical Research Letters, 36:2, 2009. doi: 10.1029/2009gl037639.
P. J. DeMott, A. J. Prenni, X. Liu, S. M. Kreidenweis, M. D. Petters, C. H. Twohy, M. S.
Richardson, T. Eidhammer, and D. C. Rogers. Predicting global atmospheric ice nuclei
distributions and their impacts on climate. Proceedings of the National Academy of Sci-
ences of the United States of America, 107(25):11217–11222, 2010. doi: 10.1073/pnas.
0910818107.
V. R. Despres, J. A. Huffman, S. M. Burrows, C. Hoose, A. S. Safatov, G. Buryak, J. Frohlich-
Nowoisky, W. Elbert, M. O. Andreae, U. Poschl, and R. Jaenicke. Primary biological
aerosol particles in the atmosphere: a review. Tellus Series B-Chemical and Physical
Meteorology, 64, 2012. doi: 10.3402/tellusb.v64i0.15598.
K. Diehl, C. Quick, S. Matthias-Maser, S. K. Mitra, and R. Jaenicke. The ice nucleating
ability of pollen - part i: Laboratory studies in deposition and condensation freezing modes.
Atmospheric Research, 58(2):75–87, 2001. doi: 10.1016/s0169-8095(01)00091-6.
K. Diehl, S. Matthias-Maser, R. Jaenicke, and S. K. Mitra. The ice nucleating ability of
pollen: Part ii. laboratory studies in immersion and contact freezing modes. Atmospheric
Research, 61(2):125–133, 2002. doi: 10.1016/s0169-8095(01)00132-6.
N. Dorsey. Supercooling and freezing of water. J. Res. Natl., 20:799–808, 1938.
L. Dufour and R. Defay. Thermodynamics of clouds. Academic. Press., New York, 1963.
A. J. Durant and R. A. Shaw. Evaporation freezing by contact nucleation inside-out. Geo-
physical Research Letters, 32(20), 2005. doi: 10.1029/2005gl024175.
L. Farkas. Keimbildungsgeschwindigkeit in übersättigten dämpfen. Zeitschrift für physikalis-
che Chemie, 125:236–242, 1927.
85
J. Fröhlich-Nowoisky, T. C. J. Hill, B. G. Pummer, P. Yordanova, G. D. Franc, and U. Pöschl.
Ice nucleation activity in the widespread soil fungus mortierella alpina. Biogeosciences,
12(4):1057–1071, 2015. doi: 10.5194/bg-12-1057-2015.
J. W. Gibbs. On the equilibrium of heterogeneous substances. Connecticut Academy Trans-
actions, 1875-1878.
R. A. Glaccum and J. M. Prospero. Saharan aerosols over the tropical north-atlantic - miner-
alogy. Marine Geology, 37(3-4):295–321, 1980. doi: 10.1016/0025-3227(80)90107-3.
J. Hallett and S. C. Mossop. Production of secondary ice particles during riming process.
Nature, 249(5452):26–28, 1974. doi: 10.1038/249026a0.
A. D. Harrison, T. F. Whale, M. A. Carpenter, M. A. Holden, L. Neve, D. O’Sullivan, J. V.
Temprado, and B. J. Murray. Not all feldspars are equal: a survey of ice nucleating prop-
erties across the feldspar group of minerals. Atmospheric Chemistry and Physics, 16(17):
10927–10940, 2016. doi: 10.5194/acp-16-10927-2016.
S. Hartmann, D. Niedermeier, J. Voigtlaender, T. Clauss, R. A. Shaw, H. Wex, A. Kiselev, and
F. Stratmann. Homogeneous and heterogeneous ice nucleation at lacis: operating principle
and theoretical studies. Atmospheric Chemistry and Physics, 11(4):1753–1767, 2011. doi:
10.5194/acp-11-1753-2011.
S. Hartmann, S. Augustin, T. Clauss, H. Wex, T. Santl-Temkiv, J. Voigtlaender, D. Nie-
dermeier, and F. Stratmann. Immersion freezing of ice nucleation active protein com-
plexes. Atmospheric Chemistry and Physics, 13(11):5751–5766, 2013. doi: 10.5194/
acp-13-5751-2013.
S. Hartmann, H. Wex, T. Clauss, S. Augustin-Bauditz, D. Niedermeier, M. Rosch, and
F. Stratmann. Immersion freezing of kaolinite: Scaling with particle surface area. Journal
of the Atmospheric Sciences, 73(1):263–278, 2016. doi: 10.1175/jas-d-15-0057.1.
N. Hiranuma, N. Hoffmann, A. Kiselev, A. Dreyer, K. Zhang, G. Kulkarni, T. Koop, and
O. Möhler. Influence of surface morphology on the immersion mode ice nucleation effi-
ciency of hematite particles. Atmospheric Chemistry and Physics, 14(5):2315–2324, 2014.
doi: 10.5194/acp-14-2315-2014.
C. Hoose and O. Möhler. Heterogeneous ice nucleation on atmospheric aerosols: a review of
results from laboratory experiments. Atmospheric Chemistry and Physics, 12(20):9817–
9854, 2012. doi: 10.5194/acp-12-9817-2012.
86
C. Hoose, J. E. Kristjansson, and S. M. Burrows. How important is biological ice nucleation
in clouds on a global scale? Environmental Research Letters, 5(2), 2010. doi: 10.1088/
1748-9326/5/2/024009.
IPCC. Summary for Policymakers, pages 1–30. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 2013. doi: 10.1017/CBO9781107415324.004.
K. Kandler, L. Schuetz, S. Jaeckel, K. Lieke, C. Emmel, D. Mueller-Ebert, M. Ebert,
D. Scheuvens, A. Schladitz, B. Segvic, A. Wiedensohler, and S. Weinbruch. Ground-based
off-line aerosol measurements at praia, cape verde, during the saharan mineral dust exper-
iment: microphysical properties and mineralogy. Tellus Series B-Chemical and Physical
Meteorology, 63(4):459–474, 2011. doi: 10.1111/j.1600-0889.2011.00546.x.
T. Kanitz, P. Seifert, A. Ansmann, R. Engelmann, D. Althausen, C. Casiccia, and E. G. Ro-
hwer. Contrasting the impact of aerosols at northern and southern midlatitudes on heteroge-
neous ice formation. Geophysical Research Letters, 38, 2011. doi: 10.1029/2011gl048532.
Z. A. Kanji, A. Welti, C. Chou, O. Stetzer, and U. Lohmann. Laboratory studies of immersion
and deposition mode ice nucleation of ozone aged mineral dust particles. Atmospheric
Chemistry and Physics, 13(17):9097–9118, 2013. doi: 10.5194/acp-13-9097-2013.
M. Kleber, P. Sollins, and R. Sutton. A conceptual model of organo-mineral interactions
in soils: self-assembly of organic molecular fragments into zonal structures on mineral
surfaces. Biogeochemistry, 85(1):9–24, 2007. doi: 10.1007/s10533-007-9103-5.
D. A. Knopf and T. Koop. Heterogeneous nucleation of ice on surrogates of mineral
dust. Journal of Geophysical Research-Atmospheres, 111(D12), 2006. doi: 10.1029/
2005jd006894.
T. Koop, B. P. Luo, A. Tsias, and T. Peter. Water activity as the determinant for homogeneous
ice nucleation in aqueous solutions. Nature, 406(6796):611–614, 2000. doi: 10.1038/
35020537.
D. Lamb and J. Verlinde. Physics and Chemistry of Clouds. Cambridge University Press,
2011.
E. J. Langham and B. J. Mason. The heterogeneous and homogeneous nucleation of su-
percooled water. Proceedings of the Royal Society of London Series a-Mathematical and
Physical Sciences, 247(1251):493–505, 1958. doi: 10.1098/rspa.1958.0207.
J. Levin. Statistical explanation of spontaneous freezing of water droplet. National Advisory
Commitee for Aeronautics, Technical note 2234, 1950.
87
Z. Levin and W. Cotton. Aerosol Pollution Impact on Precipitation: A Scientific Review.
Springer, 2008.
S. E. Lindow, D. C. Arny, and C. D. Upper. Bacterial ice nucleation - a factor in frost injury
to plants. Plant Physiology, 70(4):1084–1089, 1982. doi: 10.1104/pp.70.4.1084.
U. Lohmann. A glaciation indirect aerosol effect caused by soot aerosols. Geophysical
Research Letters, 29(4), 2002. doi: 10.1029/2001gl014357.
U. Lohmann and K. Diehl. Sensitivity studies of the importance of dust ice nuclei for the indi-
rect aerosol effect on stratiform mixed-phase clouds. Journal of the Atmospheric Sciences,
63(3):968–982, 2006. doi: 10.1175/jas3662.1.
F. Lüönd, O. Stetzer, A. Welti, and U. Lohmann. Experimental study on the ice nucleation
ability of size-selected kaolinite particles in the immersion mode. Journal of Geophysical
Research-Atmospheres, 115, 2010. doi: 10.1029/2009jd012959.
F. Luond, O. Stetzer, A. Welti, and U. Lohmann. Experimental study on the ice nucleation
ability of size-selected kaolinite particles in the immersion mode. Journal of Geophysical
Research-Atmospheres, 115, 2010. doi: 10.1029/2009jd012959.
L. R. Maki, E. L. Galyan, M. Chang-Chien, and D. R. Caldwell. Ice nucleation induced by
pseudomonas-syringea. Applied Microbiology, 28(3):456–459, 1974.
C. Marcolli, S. Gedamke, T. Peter, and B. Zobrist. Efficiency of immersion mode ice nu-
cleation on surrogates of mineral dust. Atmospheric Chemistry and Physics, 7(19):5081–
5091, 2007.
A. Meunier. Clays. Springer, 2005.
A. B. Michaud, J. E. Dore, D. Leslie, W. B. Lyons, D. C. Sands, and J. C. Priscu. Bi-
ological ice nucleation initiates hailstone formation. Journal of Geophysical Research-
Atmospheres, 119(21):12186–12197, 2014. doi: 10.1002/2014jd022004.
O. Möhler, S. Benz, H. Saathoff, M. Schnaiter, R. Wagner, J. Schneider, S. Walter, V. Ebert,
and S. Wagner. The effect of organic coating on the heterogeneous ice nucleation efficiency
of mineral dust aerosols. Environmental Research Letters, 3(2), 2008a. doi: 10.1088/
1748-9326/3/2/025007.
O. Möhler, D. G. Georgakopoulos, C. E. Morris, S. Benz, V. Ebert, S. Hunsmann, H. Saathoff,
M. Schnaiter, and R. Wagner. Heterogeneous ice nucleation activity of bacteria: new
88
laboratory experiments at simulated cloud conditions. Biogeosciences, 5(5):1425–1435,
2008b.
C. E. Morris, D. G. Georgakopoulos, and D. C. Sands. Ice nucleation active bacteria and
their potential role in precipitation. Journal De Physique Iv, 121:87–103, 2004. doi:
10.1051/jp4:2004121004.
J. Mülmenstädt, O. Sourdeval, J. Delanoe, and J. Quaas. Frequency of occurrence of rain from
liquid-, mixed-, and ice-phase clouds derived from a-train satellite retrievals. Geophysical
Research Letters, 42(15):6502–6509, 2015. doi: 10.1002/2015gl064604.
B. J. Murray, S. L. Broadley, T. W. Wilson, S. J. Bull, R. H. Wills, H. K. Christenson, and
E. J. Murray. Kinetics of the homogeneous freezing of water. Physical Chemistry Chemical
Physics, 12(35):10380–10387, 2010. doi: 10.1039/C003297B.
B. J. Murray, S. L. Broadley, T. W. Wilson, J. D. Atkinson, and R. H. Wills. Heteroge-
neous freezing of water droplets containing kaolinite particles. Atmospheric Chemistry
and Physics, 11(9):4191–4207, 2011. doi: 10.5194/acp-11-4191-2011.
B. J. Murray, D. O’Sullivan, J. D. Atkinson, and M. E. Webb. Ice nucleation by particles
immersed in supercooled cloud droplets. Chemical Society Reviews, 41(19):6519–6554,
2012. doi: 10.1039/c2cs35200a.
D. Niedermeier, S. Hartmann, R. A. Shaw, D. Covert, T. F. Mentel, J. Schneider, L. Poulain,
P. Reitz, C. Spindler, T. Clauss, A. Kiselev, E. Hallbauer, H. Wex, K. Mildenberger, and
F. Stratmann. Heterogeneous freezing of droplets with immersed mineral dust particles
- measurements and parameterization. Atmospheric Chemistry and Physics, 10(8):3601–
3614, 2010.
D. Niedermeier, S. Hartmann, T. Clauss, H. Wex, A. Kiselev, R. C. Sullivan, P. J. DeMott,
M. D. Petters, P. Reitz, J. Schneider, E. Mikhailov, B. Sierau, O. Stetzer, B. Reimann,
U. Bundke, R. A. Shaw, A. Buchholz, T. F. Mentel, and F. Stratmann. Experimen-
tal study of the role of physicochemical surface processing on the in ability of mineral
dust particles. Atmospheric Chemistry and Physics, 11(21):11131–11144, 2011a. doi:
10.5194/acp-11-11131-2011.
D. Niedermeier, R. A. Shaw, S. Hartmann, H. Wex, T. Clauss, J. Voigtlaender, and F. Strat-
mann. Heterogeneous ice nucleation: exploring the transition from stochastic to singular
freezing behavior. Atmospheric Chemistry and Physics, 11(16):8767–8775, 2011b. doi:
10.5194/acp-11-8767-2011.
89
D. Niedermeier, B. Ervens, T. Clauss, J. Voigtlaender, H. Wex, S. Hartmann, and F. Strat-
mann. A computationally efficient description of heterogeneous freezing: A simplified
version of the soccerball model. Geophysical Research Letters, 41(2):736–741, 2014. doi:
10.1002/2013gl058684.
D. Niedermeier, S. Augustin-Bauditz, S. Hartmann, H. Wex, K. Ignatius, and F. Stratmann.
Can we define an asymptotic value for the ice active surface site density for heterogeneous
ice nucleation? Journal of Geophysical Research: Atmospheres, 120, 2015. doi: 10.1002/
2014JD022814.
M. Niemand, O. Mohler, B. Vogel, H. Vogel, C. Hoose, P. Connolly, H. Klein, H. Bingemer,
P. DeMott, J. Skrotzki, and T. Leisner. A particle-surface-area-based parameterization of
immersion freezing on desert dust particles. Journal of the Atmospheric Sciences, 69(10):
3077–3092, 2012. doi: 10.1175/jas-d-11-0249.1.
D. O’Sullivan, B. J. Murray, T. L. Malkin, T. F. Whale, N. S. Umo, J. D. Atkinson, H. C. Price,
K. J. Baustian, J. Browse, and M. E. Webb. Ice nucleation by fertile soil dusts: relative
importance of mineral and biogenic components. Atmospheric Chemistry and Physics, 14
(4):1853–1867, 2014. doi: 10.5194/acp-14-1853-2014.
D. O’Sullivan, B. J. Murray, J. F. Ross, T. F. Whale, H. C. Price, J. D. Atkinson, N. S. Umo,
and M. E. Webb. The relevance of nanoscale biological fragments for ice nucleation in
clouds. Scientific Reports, 5, 2015. doi: 10.1038/srep08082.
D. O’Sullivan, B. J. Murray, J. F. Ross, and M. E. Webb. The adsorption of fungal ice-
nucleating proteins on mineral dusts: a terrestrial reservoir of atmospheric ice-nucleating
particles. Atmospheric Chemistry and Physics, 16(12):7879–7887, 2016. doi: 10.5194/
acp-16-7879-2016.
V. T. J. Phillips, L. J. Donner, and S. T. Garner. Nucleation processes in deep convection simu-
lated by a cloud-system-resolving model with double-moment bulk microphysics. Journal
of the Atmospheric Sciences, 64(3):738–761, 2007. doi: 10.1175/jas3869.1.
V. Pinti, C. Marcolli, B. Zobrist, C. R. Hoyle, and T. Peter. Ice nucleation efficiency of clay
minerals in the immersion mode. Atmospheric Chemistry and Physics, 12(13):5859–5878,
2012. doi: 10.5194/acp-12-5859-2012.
K. A. Pratt, P. J. DeMott, J. R. French, Z. Wang, D. L. Westphal, A. J. Heymsfield, C. H.
Twohy, A. J. Prenni, and K. A. Prather. In situ detection of biological particles in cloud
ice-crystals. Nature Geoscience, 2(6):397–400, 2009. doi: 10.1038/ngeo521.
90
H. Pruppacher and J. Klett. Microphysics of Clouds and Precipitation. Springer, 1997.
B. G. Pummer, H. Bauer, J. Bernardi, S. Bleicher, and H. Grothe. Suspendable macro-
molecules are responsible for ice nucleation activity of birch and conifer pollen. Atmo-
spheric Chemistry and Physics, 12(5):2541–2550, 2012. doi: 10.5194/acp-12-2541-2012.
R. R. Rogers and M. K. Yau. A short course in cloud physics, volume 113. Pergamon Press,
third edition, 1989.
C. G. Salzmann, P. G. Radaelli, A. Hallbrucker, E. Mayer, and J. L. Finney. The preparation
and structures of hydrogen ordered phases of ice. Science, 311(5768):1758–1761, 2006.
doi: 10.1126/science.1123896.
M. W. I. Schmidt, M. S. Torn, S. Abiven, T. Dittmar, G. Guggenberger, I. A. Janssens,
M. Kleber, I. Kogel-Knabner, J. Lehmann, D. A. C. Manning, P. Nannipieri, D. P. Rasse,
S. Weiner, and S. E. Trumbore. Persistence of soil organic matter as an ecosystem property.
Nature, 478(7367):49–56, 2011. doi: 10.1038/nature10386.
R. C. Schnell and G. Vali. Biogenic ice nuclei: Part i. terrestrial and marine sources. Jour-
nal of the Atmospheric Sciences, 33(8):1554–1564, 1976. doi: 10.1175/1520-0469(1976)
033<1554:BINPIT>2.0.CO;2.
J. Seinfeld and S. Pandis. Atmospheric chemistry and physics: from air pollution to climate
change. Wiley, 1998.
R. A. Shaw, A. J. Durant, and Y. Mi. Heterogeneous surface crystallization observed in
undercooled water. Journal of Physical Chemistry B, 109(20):9865–9868, 2005. doi:
10.1021/jp0506336.
D. V. Spracklen and C. L. Heald. The contribution of fungal spores and bacteria to regional
and global aerosol number and ice nucleation immersion freezing rates. Atmospheric
Chemistry and Physics, 14(17):9051–9059, 2014. doi: 10.5194/acp-14-9051-2014.
D. V. Spracklen, K. S. Carslaw, J. Merikanto, G. W. Mann, C. L. Reddington, S. Picker-
ing, J. A. Ogren, E. Andrews, U. Baltensperger, E. Weingartner, M. Boy, M. Kulmala,
L. Laakso, H. Lihavainen, N. Kivekas, M. Komppula, N. Mihalopoulos, G. Kouvarakis,
S. G. Jennings, C. O’Dowd, W. Birmili, A. Wiedensohler, R. Weller, J. Gras, P. Laj, K. Sel-
legri, B. Bonn, R. Krejci, A. Laaksonen, A. Hamed, A. Minikin, R. M. Harrison, R. Talbot,
and J. Sun. Explaining global surface aerosol number concentrations in terms of primary
emissions and particle formation. Atmospheric Chemistry and Physics, 10(10):4775–4793,
2010. doi: 10.5194/acp-10-4775-2010.
91
T. Storelvmo, C. Hoose, and P. Eriksson. Global modeling of mixed-phase clouds: The
albedo and lifetime effects of aerosols. Journal of Geophysical Research-Atmospheres,
116, 2011. doi: 10.1029/2010jd014724.
F. Stratmann, A. Kiselev, S. Wurzler, M. Wendisch, J. Heintzenberg, R. J. Charlson, K. Diehl,
H. Wex, and S. Schmidt. Laboratory studies and numerical simulations of cloud droplet
formation under realistic supersaturation conditions. Journal of Atmospheric and Oceanic
Technology, 21(6):876–887, 2004. doi: 10.1175/1520-0426(2004)021<0876:lsanso>2.0.
co;2.
W. Szyrmer and I. Zawadzki. Biogenic and anthropogenic sources of ice-forming nuclei:
A review. Bulletin of the American Meteorological Society, 78(2):209–228, 1997. doi:
10.1175/1520-0477(1997)078<0209:baasoi>2.0.co;2.
Y. Tajima, T. Matsuo, and H. Suga. Phase-transition in koh-doped hexagonal ice. Nature,
299(5886):810–812, 1982. doi: 10.1038/299810a0.
T. Takahashi. Riming electrification as a charge generation mechanism in thunder-
storms. Journal of the Atmospheric Sciences, 35(8):1536–1548, 1978. doi: 10.1175/
1520-0469(1978)035<1536:reaacg>2.0.co;2.
Y. Tobo, P. J. DeMott, T. C. J. Hill, A. J. Prenni, N. G. Swoboda-Colberg, G. D. Franc,
and S. M. Kreidenweis. Organic matter matters for ice nuclei of agricultural soil ori-
gin. Atmospheric Chemistry and Physics, 14(16):8521–8531, 2014. doi: 10.5194/
acp-14-8521-2014.
M. A. Turner, F. Arellano, and L. M. Kozloff. 3 separate classes of bacterial ice nucleation
structures. Journal of Bacteriology, 172(5):2521–2526, 1990.
G. Vali and E. Stansbury. Time-dependent characteristics of heterogeneous nucleation of ice.
Canadian Journal of Physics, 44(3):477–502, 1966.
M. Volmer and A. Weber. Keimbildung in ubersaettigten gebilden. Zeitschrift der physikalis-
chen Chemie, 119:277–301, 1926.
N. von Blohn, S. K. Mitra, K. Diehl, and S. Borrmann. The ice nucleating ability of pollen:
Part iii: New laboratory studies in immersion and contact freezing modes including more
pollen types. Atmospheric Research, 78(3-4):182–189, 2005. doi: 10.1016/j.atmosres.
2005.03.008.
G. J. Warren and P. K. Wolber. Heterogeneous ice nucleation by bacteria. Cryo-Letters, 8(4):
204–217, 1987.
92
A. Welti, U. Lohmann, and Z. A. Kanji. Is there a lower size limit for mineral dust ice nuclei
in the immersion mode? European Geosciences Union General Assembly, 2014.
C. D. Westbrook and A. J. Illingworth. Evidence that ice forms primarily in supercooled
liquid clouds at temperatures >-27 degrees c. Geophysical Research Letters, 38, 2011. doi:
10.1029/2011gl048021.
H. Wex, P. J. DeMott, Y. Tobo, S. Hartmann, M. Roesch, T. Clauss, L. Tomsche, D. Nie-
dermeier, and F. Stratmann. Kaolinite particles as ice nuclei: learning from the use of
different kaolinite samples and different coatings. Atmospheric Chemistry and Physics, 14
(11):5529–5546, 2014. doi: 10.5194/acp-14-5529-2014.
T. W. Wilson, L. A. Ladino, P. A. Alpert, M. N. Breckels, I. M. Brooks, J. Browse, S. M. Bur-
rows, K. S. Carslaw, J. A. Huffman, C. Judd, W. P. Kilthau, R. H. Mason, G. McFiggans,
L. A. Miller, J. J. Najera, E. Polishchuk, S. Rae, C. L. Schiller, M. Si, J. V. Temprado,
T. F. Whale, J. P. S. Wong, O. Wurl, J. D. Yakobi-Hancock, J. P. D. Abbatt, J. Y. Aller,
A. K. Bertram, D. A. Knopf, and B. J. Murray. A marine biogenic source of atmospheric
ice-nucleating particles. Nature, 525(7568):234–+, 2015. doi: 10.1038/nature14986.
A. Worringen, K. Kandler, N. Benker, T. Dirsch, S. Mertes, L. Schenk, U. Kaestner,
F. Frank, B. Nillius, U. Bundke, D. Rose, J. Curtius, P. Kupiszewski, E. Weingartner,
P. Vochezer, J. Schneider, S. Schmidt, S. Weinbruch, and M. Ebert. Single-particle char-
acterization of ice-nucleating particles and ice particle residuals sampled by three dif-
ferent techniques. Atmospheric Chemistry and Physics, 15(8):4161–4178, 2015. doi:
10.5194/acp-15-4161-2015.
J. D. Yakobi-Hancock, L. A. Ladino, and J. P. D. Abbatt. Feldspar minerals as efficient
deposition ice nuclei. Atmospheric Chemistry and Physics, 13(22):11175–11185, 2013.
doi: 10.5194/acp-13-11175-2013.
S. A. Yankofsky, Z. Levin, T. Bertold, and N. Sandlerman. Some basic characteristics of
bacterial freezing nuclei. Journal of Applied Meteorology, 20(9):1013–1019, 1981. doi:
10.1175/1520-0450(1981)020<1013:sbcobf>2.0.co;2.
C. Zhu, D. R. Veblen, A. E. Blum, and S. J. Chipera. Naturally weathered feldspar surfaces in
the navajo sandstone aquifer, black mesa, arizona: Electron microscopic characterization.
Geochimica Et Cosmochimica Acta, 70(18):4600–4616, 2006. doi: 10.1016/j.gca.2006.
07.013.
B. Zobrist, C. Marcolli, T. Koop, B. P. Luo, D. M. Murphy, U. Lohmann, A. A. Zardini,
U. K. Krieger, T. Corti, D. J. Cziczo, S. Fueglistaler, P. K. Hudson, D. S. Thomson, and
93
T. Peter. Oxalic acid as a heterogeneous ice nucleus in the upper troposphere and its
indirect aerosol effect. Atmospheric Chemistry and Physics, 6:3115–3129, 2006. doi:
doi:10.5194/acp-6-3115-2006.
B. Zobrist, T. Koop, B. P. Luo, C. Marcolli, and T. Peter. Heterogeneous ice nucleation
rate coefficient of water droplets coated by a nonadecanol monolayer. Journal of Physical
Chemistry C, 111(5):2149–2155, 2007. doi: 10.1021/jp066080w.
T. Zolles, J. Burkart, T. Haeusler, B. Pummer, R. Hitzenberger, and H. Grothe. Identification
of ice nucleation active sites on feldspar dust particles. Journal of Physical Chemistry A,
119(11):2692–2700, 2015. doi: 10.1021/jp509839x.
M. A. Zondlo, P. K. Hudson, A. J. Prenni, and M. A. Tolbert. Chemistry and microphysics
of polar stratospheric clouds and cirrus clouds. Annual Review of Physical Chemistry, 51:
473–+, 2000. doi: 10.1146/annurev.physchem.51.1.473.
94
List of Figures
1.1 Fraction of ice phase induced precipitation. Adopted fromMülmenstädt et al.
[2015] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.1 The change in Gibbs free energy as a function of cluster radius for a temper-
ature of −35◦ C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Modes of heterogeneous ice nucleation (based on Lamb and Verlinde [2011]). 14
2.3 Schematic of an INP with an ice cluster, θ is the contact angle, σ stands for
the interfacial energies between the different phases water (l), ice (i) and the
solid INP (s), r is the radius of the cluster. . . . . . . . . . . . . . . . . . . . 16
95

List of Abbreviations
ATD Arizona Test Dust
ATOFMS Aerosol Time Of Flight Mass Spectrometer
BPWW Birch Pollen Washing Water
CCN Cloud Condensation Nuclei
CHESS stoCHastic modEl of similar and poiSSon distributed ice nucleating
particles
CNT Classical Nucleation Theory
CPC Condensation Particle Counter
DMA Differential Mobility Analyzer
INP Ice Nucleating Particle
INA Ice Nucleation Active
INUIT Ice Nucleation research UnIT
IOM Leibniz Institute of Surface Modification
LACIS Leipzig Aerosol Cloud Interaction Simulator
MOUDI Micro-Orifice Uniform Deposit Impactor
SBM Soccer Ball Model
SEM Scanning Electron Microscope
TH Thermostat
TOPS-Ice Thermo-stabilized Optical Particle Spectrometer for the detection of Ice
97
TROPOS Leibniz Institute for Tropospheric Research
VH-TDMA Volatility Hygroscopicity - Tandem Differential Mobility Analyzer
98
List of Symbols
Symbol Unit Explanation
Dp nm Particle diameter
Jhet s
−1 Heterogeneous ice nucleation rate
Jhom s
−1 Homogeneous ice nucleation rate
N0 Number of droplets in the droplet population
Ncrit Number of critical ice clusters
Nf Number of frozen droplets
NS cm
−2 Number density of water molecules at the ice/water interface
Nu Number of unfrozen droplets
NW cm
−3 Number density of liquid-phase molecules
Pλ Probability of the Poisson distribution
Punfr Probability of a droplet population to remain unfrozen,
every droplet contains an ice nucleating site
Punfr,λ Probability of a droplet population to remain unfrozen,
not every droplet contains an ice nucleating site
Pfr,λ Freezing probability of a droplet population, where not every droplet
contains an ice nucleating site
S m2 Particle surface area
T ◦C, K Temperature
T0
◦C, K Melting temperature of ice (T0 = 273.15 K)
Vd m
3 Droplet volume
Vcap m
3 Volume of the the spherical cap
Vsphere m
3 Volume of the sphere
fice Ice fraction
f ⋆ice Maximum ice fraction
99
f(θ) volume fraction of the sphere which forms the
spherical cap, reduction factor of energy barrier
h J s Planck constant
jhet m
−2 s Heterogeneous ice nucleation rate coefficient
jhom m
−3 s Homogeneous ice nucleation rate coefficient
ks m
−2K−1 Density of surface sites that become active per unit temperature
kB J K
−1 Boltzmann constant
lf J kg
−1 Enthalpy of fusion
ni m
−3 Number of molecules per m−3 ice
ns m
−2 Ice nucleation surface site density
p(θ) Gaussian probability density function
r nm Radius of the spherical cap
rcrit nm Radius of critical ice cluster
ssite m
2 Surface area of a site
t s Time
w s−1 Flux of water molecules across the water-ice
interface
∆Fdiff J Diffusion activation energy across the water-ice interface
∆G J, KJ mol−1 Change of Gibbs free energy
∆GV J, KJ mol
−1 Gibbs free energy change due to bulk formation
∆GS J, KJ mol
−1 Gibbs free energy change due to surface formation
∆Gcrit J, KJ mol−1 Change of Gibbs free energy
∆Gcrithom J, KJ mol
−1 Gibbs free energy change of homogeneous ice nucleation
∆Gcrithet J, KJ mol
−1 Gibbs free energy change of heterogeneous ice nucleation
∆Ts K Supercooling temperature
∆µw/i J mol
−1 Change in the chemical potentials between the water and the
ice phase
θ ◦, rad Contact angle
λ Average number of ice nucleating entities
µ J mol−1 Chemical potential
µi J mol
−1 Chemical potential of ice
µw J mol
−1 Chemical potential of water
µθ
◦, rad Mean of contact angle distribution
100
σ Standard deviation
σs/i N m
−1 Interfacial free energy between INP surface and ice
σl/i N m
−1 Interfacial free energy between liquid water and ice
σl/s N m
−1 Interfacial free energy between liquid water and INP surface
σθ
◦, rad Width of contact angle distribution
101

Acknowledgment
I would like to take the opportunity to thank all those people, who brought this dissertation to
life and accompanied me through the successful as well as through the difficult times of the
last 5 years.
• Most of all, I am grateful to my supervisor Dr. Frank Stratmann, who saw the po-
tential in me to do a dissertation (more than I did) and offered me this position. The
discussions with him were always fruitful and very often he was the one who gave the
decisive ideas.
• I would like to thank Prof. Dr. Andreas Macke, who was willing to supervise and
review this dissertation and thus gave me the opportunity to do this work at the Leibniz
Institute for Tropospheric Research.
• I also would like to thank Prof Dr. Ina Tegen and Prof. Dr. Johannes Quaas who were
part of my PHD commission.
• Many thanks go to all my colleagues of the cloud group. It was a pleasure to work
in such a very open-minded and helpful community. Specially thanks go to Thomas
Conrath, for his technical support.
• In particular, I would like to appreciate my lab colleagues, Dr. Tina Claus, Laura
Tomsche, Sandra Kanter and Sarah Grawe for the excellent cooperation. We spend a lot
of cheerful measurement times together, even on those days where the instruments were
not willing to work and our discussions were always very helpful to solve scientific
problems.
• I thank Dr. Susan Hartmann for showing me the secrets of LACIS and igniting my
passion for the research on heterogeneous ice nucleation.
• Thanks to Dennis Niedermeier for explaining me ice nucleation theory and leading me
through the streets of San Fransisco.
103
• I would like to thank Henner Bieligk for a particularly thrilling trip to Mainz. I still
have a bad conscience that he had to drive the whole way. Thanks to him and also to
Karoliina Ignatius for a wonderful and funny time in our office.
• My biggest thanks I would like to give to Dr. Heike Wex. I learned a lot from her
about scientific working and I was always impressed about her organizational and pro-
fessional skills. I was very lucky to had her very energetic support for the writing,
submitting and reviewing processes of my three publications as well as for this disser-
tation. Furthermore, her door was always open for me and my bunch of questions.
• Also, I would like to acknowledge all the Co-Authors of my publications for providing
me images, data and helpful suggestions. I would like to make particular mention of
Dr. Cyrielle Denjean. Her VH-TDMA measurements finally brought the breakthrough
for my third publication.
• Many thanks to Dr. Anja Hühnerbein for proof reading this thesis as a non ice nucle-
ation expert.
• Last but not least, special thanks go to my family and friends who always encouraged
me. Especially Denise Assmann and the other board game players helped me to switch
off scientific issues for a while and gather new strength and motivation to face chal-
lenges in a relaxed way.
104
Curriculum vitae
Name Stefanie Bauditz (maiden name: Augustin)
Date of birth 21st June 1988
Address Mierendorffstr. 22, D-04318 Leipzig, Germany
Phone +49 157 34397364
E-Mail augustin@tropos.de
Academic Education
since 06/2012 PhD candidate at the University of Leipzig, scientific assistant
at the Leibniz-Institute for Tropospheric Research (TROPOS),
Leipzig
between 10/2015 and 06/2016 parental leave
01/2010 - 05/2012 Scientific assistant at TROPOS
04/2011 - 03/2012 Master’s thesis (translated title): ”Immersion freezing behavior
of biological particles at the Leipzig Aerosol Cloud Interaction
Simulator(LACIS)”, done at TROPOS
10/2009 - 03/2012 Master of Science in Meteorology at the University of Leipzig,
Final Mark: 1.4
04/2009 - 09/2009 Bachelor’s thesis (translated title): ”Investigating the indoor
climate and its relation to the weather conditions”
done at the Center of Environmental Research (UFZ), Leipzig
10/2006 - 09/2009 Bachelor of Science in Meteorology at the University of
Leipzig, Final Mark: 2.1
09/1999 - 07/2006 Abitur at Eliteschule des Wintersports, Oberwiesenthal
105



Zusammenfassung der wissenschaftlichen Ergebnisse zur Dissertation
Immersion freezing experiments of biological, mineral dust and
dust-bio-mixed particles with the Leipzig Aerosol Cloud
Interaction Simulator
der Fakultät für Physik und Geowissenschaften der Universität Leipzig
eingereicht von
M. Sc. Stefanie Bauditz geb. Augustin
angefertigt am
Leibniz-Institut für Troposphärenforschung (TROPOS)
Mai, 2017
It is known that ice crystals in clouds can trigger the initiation of precipitation [Lohmann, 2002] and
modulate the cloud albedo [Storelvmo et al., 2011]. Furthermore, ice crystals influence chemical pro-
cesses, especially in high tropospheric clouds [Zondlo et al., 2000] and play a crucial role for the
charge separation in high convective clouds [Takahashi, 1978]. These manifold impacts clearly indi-
cate that quantitative knowledge of the atmospheric ice formation processes is crucial for predicting
the influence of ice crystals on both weather and climate. Ice formation in clouds occurs either through
homogeneous or heterogeneous ice nucleation. For the latter case, an ice nucleating particle (INP) is
needed. This INP lowers the energy barrier for the phase transition from liquid water to ice, causing
freezing at higher temperatures than homogeneous ice nucleation.
There are numerous particle types which can act as INPs, but the knowledge about the properties
which make a particle act as efficient INP is still limited [Murray et al., 2012]. As a consequence, the
ice nucleation ability of different materials has to be examined by quantitative experimentation. Mostly
clay minerals and whole biological particles such as bacteria and pollen were the subject of such ex-
periments in past years up to 2012 [Murray et al., 2012]. The importance of biological particles for the
atmospheric ice nucleation is discussed controversially as their atmospheric number concentrations,
their spatial and temporal distribution, and their role in triggering ice formation is still not sufficiently
understood [DeMott and Prenni, 2010]. In contrast, mineral dust particles were thought to be the most
important INP in the atmosphere as they were found most frequently in ice crystal residuals. However
most types of mineral dust particles are ice active only at temperatures below −20◦ C [Hoose and
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Moehler, 2012, Murray et al., 2012]. Aircraft measurements with aerosol time-of-flight mass spectro-
metry (ATOFMS) [Pratt et al., 2009, Creamean et al., 2013] indicated that a significant part of the ice
crystal residuals are mixtures of mineral dust and biological particles. The ice nucleation behavior of
these dust-bio mixed particles is still unclear. In the present thesis the immersion freezing behavior of
both biological and mineral substances were investigated to improve our understanding of the import-
ance of certain species for atmospheric ice nucleation. First the immersion freezing behavior of ice
nucleating active (INA) macromolecules of birch pollen was quantified as this has not been done for
atmospherically relevant conditions up to now. Second, different K-feldspar containing mineral dust
particles were compared to clarify the importance of K-feldspar for the immersion freezing behavior
of the examined mineral dusts. And finally, on the basis of the two previous investigations, internally
mixed particles consisting of illite-NX and birch pollen material were generated to demonstrate the
freezing ability of a mineral dust particle which carries an INA macromolecule. The results of this
thesis can be summarized as follows:
• A parameterization of the freezing behavior of the single birch pollen INA macromolecules has
been determined in terms of ice nucleation rates and contact angle distributions. Furthermore,
a comparison of two birch pollen samples with different local origin showed that birch pollen
are able to produce at least two different types of INA macromolecules, and that one of the
macromolecules is favorably produced in higher latitudes. Therefore it could be concluded that
the abundance of birch pollen INP is directly correlated with the climatic region. A further
important outcome of the here presented investigations on birch pollen INA macromolecules
was the estimation of the number of INA macromolecules on a single pollen grain which is
about 2 × 104. This number clearly demonstrated the hitherto underestimated importance of
birch pollen INP for the atmospheric ice nucleation.
• It was demonstrated that the freezing ability of different K-feldspar containing mineral dust
proxys like Arizona test dust, kaolinite and illite-NX, is controlled by their K-feldspar content.
It was shown that K-feldspar loses its good freezing ability after surface reaction with sulfuric
acid. Furthermore, after the coating, all mineral dusts feature the same freezing ability which
made it possible to determine a single freezing parameterization for all clay minerals, the clay
mineral baseline. From this study, it could also be concluded that K-feldspar might change its
ice nucleation ability upon liquid phase reactions in polluted air masses, so that its importance
for atmospheric ice nucleation might depend on its atmospheric lifetime.
• For the internal mixtures of illite-NX and birch pollen material, it could be shown that the
birch pollen macromolecules maintain their freezing ability when being adsorbed to a mineral
dust particle. As a result, the affected mineral dust particle initiate freezing exactly like a birch
pollen particle. For atmospheric application this means that it is likely that the ascription of
mineral dust to the atmospheric INPs is, at least to a certain extent, due to unnoticed attached
ice nucleating biological material.
ii
In conclusion, the present thesis emphasizes that the importance of biological INPs and especially
of birch pollen INPs for the atmospheric ice nucleation may have been underestimated up to now.
The nanoscale macromolecules can be numerous and they can be ice active either on their own or
connected to a mineral substrate. Furthermore the importance of the freezing ability of K-feldspar
among the mineral dust group has been demonstrated, where it is the most ice active mineral dust
known today. Nevertheless the importance of K-feldspar for the atmospheric ice nucleation might
depend on its atmospheric lifetime.
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